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ABSTRACT 


The  "Brittle  Materials  Design,  High  Temperature  Gas  Turbine" 
program  is  to  demonstrate  successful  use  of  brittle  mat erials  in 
demanding  high  temperature  structural  applications.  A  small  vehicular 
gas  turbine  and  a  large  stationary  gas  turbine,  each  utilizing 
uncooled  ceramic  components,  will  be  used  in  this  iterative  design 
and  materials  development  program.  Both  the  contractor.  Ford  M 
Company,  and  the  subcontractor,  Westinghouse  Elecfic  Corporation, 
have  had  in-house  research  programs  m  this  area  prior  to  this 

contract . 

In  the  vehicular  turbine  project,  Weibull  theory  was  utilized 
ti  predict  failure  probabilities  of  monolithic  hot  pressed  si lie 
nit  ride1  turbine  rotors,  including  the  effects  of  varying  disk  contours. 
Good  agreement  with  theory  resulted  from  strength  testing 
nitride  bars  and  disks.  Processing  parameters  were  established  fa 
the  fabrication  of  multi-density  rotors,  and  a  number  of  prototype 
rotors  were  spin  tested.  Thermal  response  of  stator  vanes  during 
engine  operation  was  determined  directly  using  a  quartz  window  m  a 
stator  test  rig.  Improvements  in  properties  were  made  for  both 
i^ecUon  Lldld  and  slip  cast  reaction  sintered  silicon  nitride. 

In  the  stationary  turbine  project,  a  major  objective  was  achieved 
i  tu„  fiTSt  static  rie  test  of  hot  pressed  silicon  nitride  stator 
vanes  was  completed  at  temperatures  up  to  2200  F.  Although  some  vanes 
failed  due  to  out-of-tolerance  final  machining  of  critical  interfaces, 
it  was  encouraging  that  two  vanes  which  were  subjected  to  the  highes 
temperatures  and  most  severe  transient  effects  were  not  damaged. 
Additional  information  was  also  generated  on  the  properties  and  corrosion 
resistance  of  hot  pressed  silicon  nitride. 


FORWARD 


This  report  is  the  fifth  semi-annual  technical  report  of  the 
"Brittle  Materials  Design,  High  Temperature  Gas  Turbine"  program 
initiated  by  the  Advanced  Research  Projects  Agency,  ARPA  Order  Number 
1849,  and  monitored  by  the  Army  Materials  and  Mechanics  Research 
Center,  under  Contract  Number  DAAG-46-71-C-0162.  This  is  an 
incrementally-funded  five  year  program. 

Since  this  is  an  iterative  design  and  materials  development 
program,  design  concepts  and  materials  selection  and/or  properties 
presented  in  this  report  will  probably  not  be  those  finally  utilized. 

Thus  all  design  and  property  data  contained  in  the  semi-annual  reports 
must  be  considered  tentative,  and  the  reports  should  be  considered 
to  be  illustrative  of  the  design,  materials,  processing,  and  NDT 
techniques  being  developed  for  brittle  materials. 
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1. 


INTRODUCTION 


As  stipulated  by  the  Advanced  Research  Projects  Agency  of  the  Department 
of  Defense,  the  major  purpose  of  this  program  is  to  demonstrate  that  brittle 
materials  can  be  successfully  utilized  in  demanding  high  temperature  structural 
applications.  The  gas  turbine  engine,  utilizing  uncooled  ceramic  components  in 
the  hot  flow  path,  was  chosen  as  the  vehicle  for  this  demonstration.  Two  hun¬ 
dred  hours  of  operation  over  a  representative  duty  cycle  at  ceramic  tempera¬ 
tures  up  to  2500°F  is  required  for  the  demonstration. 

It  is  the  further  purpose  of  this  program  to  develop  design  technology  for 
ceramic  materials  on  a  systems  basis  requiring  close  integration  of  design 
engineering,  materials  selection,  materials  processing  and  fabrication,  testing 
and  evaluation. 

The  progress  of  the  gas  turbine  engine  has  been  closely  related  to  the 
development  of  materials  capable  of  withstanding  the  engine's  environment  at 
high  operating  temperature.  Since  the  early  days  of  the  jet  engine,  new  metals 
have  been  developed  which  have  allowed  a  gradual  increase  in  operating  tem¬ 
peratures.  Today's  nickel-chrome  superalloys  are  in  use  without  cooling  a. 
turbine  inlet  gas  temperatures  of  1800°  to  1900  F.  However,  there  is  con¬ 
siderable  incentive  to  further  increase  turbine  inlet  temperature  to  improve 
specif’ c  air  and  fuel  consumptions.  The  use  of  ceramics  in  the  gas  turbine 
engine  as  a  demonstration  vehicle  for  this  program  promises  to  make  a  major 
step  in  increasing  turbine  inlet  temperature.  Success  will  offer  significant  ad¬ 
vances  in  engine  efficiency,  power  per  unit  weight,  cost,  pollution  abatement, 
and  fuel  utilization. 


This  program  will  demonstrate  ihe  use  of  ceramics  in  two  demanding  gas 

turbine  applications: 

(1)  a  small-vehicular  type  of  engine  (Ford).  Such  an  engine  would  have  a 
major  impact  on  the  technology  of  mobile  field  power  units,  military 
vehicles  and  craft.  As  a  consequence  of  its  significantly  increased 
operating  temperature  it  would  not  only  provide  more  horsepower/unit 
weight  than  current  engines,  but  would  also  provide  improved  fuel  economy. 

In  addition,  the  benefits  of  low  emissions  and  multi-fuel  capability  are 
attained.  A  simplified  schematic  of  the  flow  path  of  this  regenerative  type 
of  engine  is  shown  in  Figure  1.1.  A  brief  explanation  of  this  flow  path  will 
be  given  to  familiarize  the  reader  with  the  various  components  considered 
for  ceramics.  Air  is  induced  through  an  intake  silencer  and  filter  into  a 
radial  compressor,  and  then  is  compressed  and  ducted  through  one  side  oi 
each  of  two  rotary  regenerators.  The  hot  compressed  air  is  then  supplied 
to  a  combustion  chamber  where  fuel  is  added  and  combustion  takes  place. 


1 


REGENERATOR 

TURBINE  STATORS 
COMBUSTOR 

FUEL  NOZZLE 
SPARK  PLUG 


NOSE  CONE 


RBINE  ROTORS 


REGENERATOR 


EXHAUST  <3 


AIR 

INTAKE 


COMPRESSOR 

DIFFUSER 


EXHAUST 


Figure  1.1  -  Flow  Path  Schematic  of  Vehicular  Gas  Turbine 


The  hot  gas  discharging  from  the  combustor  is  then  directed  into  the 
turbine  stages  by  a  turbine  inlet  structure,  in  this  case  shown  as  a  nose 
cone.  The  gas  then  passes  through  the  turbine  stages  which  comprise  two 
turbine  stators,  each  having  stationary  airfoil  blades  which  direct  the  gas 
onto  each  corresponding  turbine  rotor.  In  passing  through  the  turbine,  the 
gas  expands  and  generates  work  to  drive  the  compressor  and  supply  useful 
power.  The  expanded  turbine  exhaust  gas  is  then  ducted  through  the  hot 
side  of  each  of  the  two  regenerators  which,  to  conserve  fuel  consumption, 
transfer  much  of  the  exhaust  heat  back  into  the  compressed  air. 

The  parts  which  are  subject  to  the  peak  cycle  temperature  and  are  made 
out  of  superalloys  in  today's  gas  turbine  are  the  combustor,  the  turbine 
inlet  nose  cone,  the  turbine  stators  and  the  turbine  rotors.  These  are 
areas  where  ceramics  could  be  exploited  to  the  fullest  and  have  been 
selected  for  application  in  the  vehicular  turbine  project. 
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(2)  A  large-stationary  gas  turbine  for  electric  power  production  (Westinghouse) . 
Such  an  engine  would  be  most  desirable  for  DOD  installations  requiring  on 
site  power  generation.  Not  only  will  ceramics  facilitate  significantly  in¬ 
creased  operating  temperatures  with  attendant  improvement  in  power  and  fuel 
economy,  but,  because  of  their  improved  corrosion- erosion  resistance  they 
will  also  facilitate  use  of  low  cost  residual  fuel.  In  addition,  the  en¬ 
vironmental  benefits  of  low  emissions  and  lack  of  cooling  water  (with  its 
attendant  thermal  pollution  problems)  are  attained.  A  simplified  sketch 
of  the  hot  flow  path  of  the  engine  is  shown  in  Figure  1.2.  As  with  the 
vehicular  turbine  project,  a  brief  explanation  of  the  flow  path  of  the 
stationary  turbine  will  be  given  to  help  the  reader  understand  the  function 
of  the  components  to  be  made  from  ceramic  materials. 


Combustor  a. 


Air  is  induced  through  a  large  intake  silencer  and  filter  into  an  18  stage 
axial  compressor  where  it  is  compressed  before  entering  the  combustor  housing. 
The  combustor  housing  supplies  air  at  650  F  to  combustion  cans  assembled  in  a 
a  circumferential  array.  Air  is  mixed  with  distillate  fuel  or  natural  gas  and 
ignited  in  the  primary  combustion  zone.  The  gas  passes  down  stream  through  the 
combustors  mixing  with  secondary  air.  Flow  continues  from  the  combustion 
section,  through  thg  transition  zone,  and  enters  the  power  turbine  at  a  gas 
temperature  of  2500  F.  The  hot  gases  expand  through  the  three  stage  turbine 
section  and  are  either  exhausted  through  a  stack  or  ducted  into  a  reheat  boiler 
as  part  of  a  combined  cycle  power  generating  unit. 

The  parts,  where  ceramics  could  be  exploited  to  the  fullest,  selected  for 
application  in  the  stationary  turbine  project  are  the  first  stage  turbine 
stator  vanes  and  the  first  stage  turbine  rotor. 
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To  maintain  coherence,  progress  on  the  vehicular  and  stationary  turbine 
projects  are  reported  separately.  Also  reported  separately  is  the  common  link 
between  these  two  programs,  materials  technology.  Information  presented  under 
materials  technology  is  general,  and  does  not  specifically  apply  to  one  or  the 
other  of  the  gas  turbine  engines.  On  the  other  hand,  items  reported  under  the 
vehicular  and  stationary  turbine  projects  are  categorized  by  components  and 
therefore  relate  directly  *o  those  projects  (even  these  items,  however,  are  in- 
(  irectly  related  when  it  comes  to  such  considerations  as  design  techniques,  etc.). 
Figure  1.3  has  been  prepared  to  help  the  reader  understand  the  interrelationship 
between  the  major  elements  of  the  report. 


Figure  1.3  -  Brittle  Material  Design/High  Temperature  Gas 

Turbine  -  Breakdown  of  Major  Elements  Reported 


Successful  demonstration  of  a  high  temperature  gas  turbine  engine  will  in¬ 
volve  a  complex  iterative  development.  One  cannot  divorce  the  development  o 
ceramic  materials  from  processes  foi  making  parts;  no  more  so  can  one  isolate 
the  design  of  those  parts  from  how  they  are  made  or  from  what  they  are  made. 
Likewise,  the  design  of  mountings  and  attachments  between  metal  and  ceramic 
parts  within  the  engine  are  equally  important.  Innovation  in  the  control  °f  the 
environment  of  critical  engine  components  is  another  link  in  the  chain.  Each  of 
these  factors  has  a  relationship  with  the  others,  and  to  obtain  success  in  any  one 
may  involve  compromises  in  the  others.  Testing  plays  an  important  role  during 
the  iterative  development  since  it  provides  a  positive,  objective  way  of  evaluating 
the  various  combinations  of  factors  involved.  If  successful,  the  test  forms  t  e 
credibility  to  move  on  to  the  next  link  in  the  development  chain.  If  unsuccessful, 
the  test  flags  a  warning  and  prompts  feedback  to  earlier  developments  to  seek 
out  and  solve  the  problem  which  has  resulted  in  failure.  Finally,  all  of  the  links 
in  the  chain  are  evaluated  by  a  complete  engine  test,  by  which  means  the  ulti¬ 
mate  objective  of  the  program  will  be  demonstrated. 
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One  difference  in  philosophy  between  the  two  turoine  projects  is 
worth  noting.  Because  the  science  of  ceramic  materials,  fabrication 
processes  and  designs  is  not  fully  developed,  the  vehicular  turbine 
engine  was  designed  as  a  test  bed,  and  features  ease  of  replacement 
of  ceramic  components.  New  ideas  in  a  component's  material,  process, 
or  design  can  therefore  be  engine-evaluated  faiTly  rapidly.  This 
work  can  then  parallel  and  augment  the  time  consuir_ng  efforts  on 
material  and  component  characterization,  stress  analysis,  heat  trans¬ 
fer  analysis,  etc.  Some  risk  of  damage  to  other  components  is  present 
when  following  this  approach,  but  this  is  considered  outweighed  by 
the  more  rapid  acquisition  of  actual  test  information.  On  the  other 
hand,  the  stationary  gas  turbine  engine  is  so  large,  so  expensive  to 
test,  and  contains  many  costly  components  which  could  be  damaged  ot 
lost  by  premature  failure,  that  very  careful  material  and  design 
work  must  be  performed  to  minimize  the  possibility  of  expensive, 
time-consuming  failures. 

Figure  1.4  shows  a  block  diagram  flow  chart  of  the  major  factors 
involved  including  the  feedback  loops,  which  serves  to  illustrate  this 
complex  and  comprehensive  iterative  development  program.  The  starting 
point  is  the  concept  of  a  design  to  use  brittle  materials.  From  this, 
a  design  layout  is  prepared  and  analyzed  leading  to  the  detailed  design 
and  analysis  of  the  gas  turbine  engine  components  made  of  or  involving 
ceramics.  In  parallel  with  the  design  phase,  ceramic  materials  are 
developed  and  screened  for  application  to  the  gas  turbine  engine.  Process 
development  of  candidate  ceramics  then  takes  place  and  material  science 
and  property  evaluation  are  used  to  improve  materials  and  processes, 
and  to  feed  information  back  into  the  design  phase.  Next,  with  the  first 
detailed  designs  completed  and  with  the  process  for  the  selected  ceramics 
reasonably  developed,  tooling  can  be  designed  and  fabrication  development 
started  to  make  actual  ceramic  turbine  engine  components.  Non-destructive 
testing  of  these  parts  will  be  developed  to  form  a  feedback  for  improving 
material  and  fabrication  methods.  In  conjunction  with  non-destructive 
evaluation,  techniques  will  be  developed  for  proof  testing  ceramic  components 
prior  to  use  in  engines.  In  parallel  with  ceramic  part  fabrication,  proof 
testing,  and  non-destructive  evaluation,  metal  parts  for  the  ceramic  turbine 
engine  and  test  rigs  are  made  per  the  detailed  design  requirements.  The  ceramic 
and  metal  parts  are  then  dimensionally  inspected  and  instrumented  for  engine 
testing,  nssembly  techniques  for  brittle  materials  are  developed,  and  test¬ 
ing  and  durability  development  in  both  test  rigs  and  engines  is  performed. 
Failure  analysis  from  test  rig  and  engine  testing  forms  the  feedback  loops 
for  corrective  action j  almost  all  of  the  factors  involved  in  the  development 
could  be  affected  by  experience  learned  in  the  test  phase  of  the  program. 
Finally,  when  engine  durability  has  reached  a  given  level  of  development, 
the  200  hour  demonstration  test  will  be  conducted  to  meet  the  program  objective. 

It  should  be  noted  that  both  the  contractor  and  subcontractor  had  in- 
house  research  programs  in  this  area  prior  to  the  initiation  of  this  program. 
Many  ceramic  materials  were  extensively  tested  and  screened  leading  to  t.ie 
selection  of  silicon  nitride  and  silicon  carbide.  In  the  stationary  turbine 
program,  preliminary  design  concepts  were  in  existence  before  the  award  of  the 
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contract.  In  the  vehicular  turbine  program,  development  was  fairly  well  along 
and  at  least  one  pass  had  been  completed  through  all  of  the  factors  shown  in 
Figure  1.4  prior  to  the  initiation  of  this  program.  This  one  pass,  involving 
many  minor  iterations,  led  to  a  vehicular  turbine  hot  flow  path  having  all 
ceramic  stationary  components  and  designated  Design  A.  Based  on  further 
experience  gained  during  engine  testing,  a  modified  flow  path  was  generated 
and  designated  Design  B. 

Since  initiation  of  this  program  with  AMMRC  and  ARPA,  work  on  both 
the  vehicular  and  stationary  gas  turbine  projects  was  accelerated.  Work 
accomplished  during  the  first  reporting  period  C1-*  included,  for  the  vehicular 
turbine  project,  initial  fabrication  development  and  preliminary  testing 
of  Design  B  turbine  stators  and  nose  cones  made  of  reaction  sintered 
silicon  nitride.  Design  studies  of  ceramic  turbine  rotors  showed  that 
computed  operating  stresses  can  be  withstood  by  dense  silicon  carbide  and 
dense  silicon  nitride.  Development  programs  were  started  to  explore  several 
approaches  to  fabricate  rotors  in  these  materials. 

Accomplishments  on  the  stationary  turbine  project  during  the  first 
reporting  period  included  obtaining  physical  property  data  of  hot  pressed 
silicon  nitride  and  identifying  microstructural  details  of  this  material. 

The  initial  design  of  ceramic  stator  vanes  was  completed  and  calculated 
vane  stresses  were  reduced  40%  by  decreasing  the  stator  vane  chord. 

The  results  of  work  accomplished  during  the  second  reporting  period 
included,  for  the  vehicular  turbine  project,  continued  fabrication  development 
as  well  as  rig  and  engine  testing  of  the  second  generation  design  (Design  B) 
turbine  stators  and  inlet  nose  cones.  Ceramic  turbine  rotor  design  studies 
were  performed  on  an  expanded  two-dimensional  heat  transfer  computer  program 
to  include  rotor  attachment  designs.  Progress  was  reported  on  the  multi¬ 
approaches  being  explored  to  fabricate  a  one-piece,  intricately-shaped 
turbine  rotor  from  candidate  high  strength  ceramic  materials. 

The  results  of  work  accomplished  on  the  stationary  turbine  project 
included  the  stress  analysis  and  design  of  first  stage  vanes  as  well  as  a 
preliminary  report  on  the  rig  for  statically  testing  the  stator  vanes. 

Progress  on  the  development  of  a  new  three-dimensional,  finite— element, 
stress  analysis  computer  program  for  subsequent  use  in  ceramic  rotor 
blade  design  was  also  reported. 

Development  in  materials  technology  for  both  the  vehicular  and 
stationary  gas  turbines  was  reported  and  included  continued  compilation 
of  material  property  data,  continued  characterization  of  material 
structure,  and  development  of  non-destructive  evaluation  techniques 
such  as  ultrasonics,  radiography  and  acoustic  emission. 

The  results  of  work  accomplished  during  the  third  reporting 
period  (3)  included,  for  the  vehicular  turbine  project,  considerable 
emphasis  on  the  development  of  the  ceramic  turbine  rotor.  Development 
was  started  on  a  new  concept  for  a  silicon  nitride  rotor,  termed  "duo- 
density".  Progress  was  made  on  the  stress  analysis  and  the  development 
of  machining  techniques  for  fabricating  monolithic  rotors  from  high-strength 
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hot-pressed  materials.  A  cracking  problem  in  the  first  stage  stator  blade 
appeared  solved  with  the  aid  of  a  thermal  shock  test  rig. 

On  the  stationary  turbine  project,  a  full  scale  model  of  the  first 
generation  stator  vane  assembly  showed  that  the  design  was  functional  when 
subjected  to  differential  motions  well  in  excess  of  design  limits,  using 
improved  physical  property  data,  the  transient  thermal  stresses  in  the  first 
stage  stator  vane  were  recalculated.  The  three-dimensional  stress  analysis 
program  was  applied  to  a  dense  silicon  nitride  rotor  blade. 

Work  on  materials  technology  resulted  in  additional  property  data  on 
candidate  ceramic  materials,  and  further  relationships  of  microstructure 
to  properties  were  uncovered.  A  number  of  processing  parameters  were 
examined  for  reaction-sintered  silicon  nitride. 

The  work  accomplished  during  the  fourth  reporting  period  (4)  included, 
for  the  vehicular  turbine  project,  the  continued  development  of  methods 
for  fabricating  duo-density  silicon  nitride  turbine  rotors  during  which 
several  rotors  were  made;  the  best  of  these  was  spin-tested  to  50,500  rpm 
before  failure.  A  refined  stress  analysis  of  a  monolithic  silicon  nitride 
rotor  was  completed,  and  the  effects  of  a  severe  flame-out  transient  on 
the  duo-density  rotor  was  analyzed.  Design  revisions  have  been  made  to  bo 
stator  stages,  which  resulted  in  the  elimination  of  most  but  not  all  cracking. 

Work  accomplished  on  the  stationary  turbine  project  included  stator  vane 
design  modifications  with  improvements  to  aerodynamics  and  methods  of  mounting. 
Additional  stress  analyses  have  been  performed  at  critical  interfaces.  Th 
static  test  rig,  for  evaluation  of  ceramic  stator  vanes  under  realistic  gas 
turbine  conditions,  has  been  completed  and  installed.  Design  concepts  and 
stress  analyses  of  rotating  turbine  blades  continued  to  be  investigated. 

Work  on  materials  technology  was  continued,  and  a  considerable  amoimt  of 
mechanical  and  thermal  property  data  on  silicon  nitride  and  sllicon  carbi  e 
was  determined.  The  microstructure  of  hot  pressed  silicon  carbide  was  studie  , 
and  further  process  improvements  were  made  for  reaction  sintered  silicon  nitri  e. 

During  this  fifth  reporting  period,  work  on  the  vehicular  turbine  project 
included  an  investigation  and  experimental  evaluation  of  the  use  of  Weibull 
theory  for  predicting  probability  of  failure  of  turbine  rotors.  Processing 
development  was  concentrated  on  multi-density  silicon  nitride  rotors,  a  num  er 
of  which  were  cold  spin  tested.  The  thermal  response  of  first  stage  stator 
vanes  during  engine  testing  was  determined  by  direct  observation  through  a 
quartz  window,  and  correlated  with  thermal  response  data  obtained  on  the  thermal 

shock  test  rig. 

Work  on  the  stationary  turbine  project  passed  a  major  milestone  with 
the  completion  of  the  first  static  rig  testing  of  silicon  nitride  vanes  at 
temperatures  up  to  22u0°F.  All  silicon  nitride  vanes  which  met  design 
specifications  successfully  survived  more  than  100  thermal  transient  cycles. 
Parts  which  did  not  meet  design  specifications  cracked  in  a  non-catastrophic 
manner  due  to  an  edge  loading  condition. 
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Work  on  materials  technology  explored  the  effect  of  impurities  in  ho 
pressed  silicon  nitride  as  well  as  oxidation-sulfidation  testing  of  0 
pressed  silicon  nitride  and  improvements  in  the  properties  of  both  injection 
molded  and  slip  cast  reaction  sintered  silicon  nitride. 

Summarizing  the  current  program  status,  it  appears  that  the  vehicular 
gas  turbine  engine  stationary  flow  path  components  will  meet  the  final  200 
hour  goal  with  further  expected  improvements  in  design,  materials,  and  pro¬ 
cessing.  Nose  cones  and  rotor  shroud  rings  of  current  designs  and  materials 
should  be  capable  of  reaching  this  goal  now,  although  father  improvements 
are  expected  to  improve  reliability.  It  is  also  felt  that  design  and  processing 
modifications  currently  in  progress  will  sufficiently  improve  stator  durability 
to  achieve  the  final  goal.  The  ceramic  turbim  rotor  development  is  the  most 
critical  area  and  requires  solution  to  several  major  engineering  problems. 

More  effort  is  being  concentrated  in  fabricating  rotors  for  testing. 

On  the  stationary  gas  turbine  engine,  results  to  date  indicate  that  a  viable 
stator  design  has  been  achieved.  Continued  effort  on  quality  control  and. 
material  reliability  should  result  in  successful  program  completion,  requir¬ 
ing  only  minor  future  modifications. 

This  report  covers  the  progress  in  the  period  July  1,  1973,  through 
December  31,  1973. 
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2. 


SUMMARY  OF  PROGRESS 


2.1  VEHICULAR  TURBINE  PROJECT 

Tho  vehicular  turbine  project  is  composed  of  three  primary 
section  --  design,  materials,  and  testing.  Within  these  primary 
areas  there  exist  many  tasks  which  must  be  accomplished  in  order 
to  achieve  the  program  goal  of  200  hours  of  turbine  engine  operation 
over  a  representative  duty  cycle  at  ceramic  temperatures  up  to 
2500°F .  Each  semi-annual  report  is  really  a  progress  report  detailing 
the  results  of  work  over  a  six  month  time  increment,  and  reporting 
on  the  individual  accomplishments  on  the  tasks  which  will  culminate 
in  the  final  program  objective. 

Work  is  in  progress  concurren  :ly  in  areas  of  turbine  engine 
component  design  and  analysi  ceramic  material  and  process  development, 
material  and  engine  testing,  materials  technology,  and  nondestructive 
evaluation  of  ceramic  engine  components.  Progress,  made  in  several 
of  these  areas  in  this  reporting  period,  is  summarized  in  this  section 
of  the  report. 

(1)  Probability  of  failure  analyses,  based  on  Weibull  theory,  were 
conducted  on  monolithic  hot  pressed  silicon  nitride  rotors.  Probabilities 
were  determined  for  steady  state  and  transient  modes,  and  included  an 
analysis  of  the  effect  of  variations  in  rotor  disk  geometry.  Refer  to 
Section  3.1.1  of  this  report  for  more  information. 

(2)  The  applicability  of  Weibull  theory  for  turbine  rotor  use  was 
evaluated  experimentally.  Using  hot  pressed  silicon  nitride,  the  relation¬ 
ship  between  the  strength  of  bars  tested  in  four  point  flexural  loading 
and  disks  spin-tested  to  failure  (tensile  loading)  was  determined  for  the 
effective  volume  criteria.  Actual  results  agreed  closely  with  predictions. 
Refer  to  Section  3.?.1  for  details. 

(3)  A  number  of  processing  parameters  have  been  sufficiently  developed 
to  enable  duo-density  and  triple -density  rotors  to  be  fabricated  and 
evaluated.  Section  3.1.2  describes  this  work  in  detail. 

(4)  Ultrasonic  machining  has  been  successfully  utilized  for  finishing 
the  hot-pressed  silicon  nitride  disks  of  multi-density  turbine  rotors. 

This  program  is  described  in  Section  T.1.2. 

(5)  Thirteen  rotors  were  cold  spin  tested  to  failure.  The  best  of 
them  burst  at  50,300  rpm  and  55,700  rpm  for  the  duo-density  and  triple¬ 
density  rotors  respectively.  Refer  to  Section  3.1.3  for  more  information. 

(6)  A  quartz  window  was  installed  in  the  ceramic  stator  test  rig,  permitting 
direct  observation  and  temperature  measurement  of  first  stage  stator  vanes 
during  engine  operation.  A  correlation  was  established  with  thermal  shock 
test  rig  evaluation  of  the  stator  vanes.  Section  3.2.2  contains  the  details 
of  this  investigation. 
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2.2  STATIONARY  TURBINE  PROJECT 

The  stationary  turbine  project  is  a  design  study  of  brittle 
materials  in  a  high  temperature  gas  turbine  application,  culminating 
with  the  demonstration  of  uncooled  ceramic  stator  vanes  in  an  advanced 
power  turbine  operating  for  200  hours.  This  operation  will  consist 
of  100  sequences  of  peaking  cycle  service.  A  performance  simulation 
of  ceramic  rotor  blades  will  also  be  performed  by  computer.  Work  is 
currently  in  progress  in  areas  of  stator  vane  design  and  analysis; 
rotor  blade  design  and  analysis  based  on  3  dimensional  finite  element 
stress  analysis  codes;  component  fabrication  and  performance  evaluation; 
and  material  technology.  Progress  is  summarized  in  this  section  of  the 
report . 

(1)  Gas  path  temperatures  have  been  calculated  for  the  advanced 
turbine.  These  data  were  used  to  define  the  cooling  requirements  for 
the  first  stage  metal  rotor  and  the  second  metal  stage  stator  vane  row 
which  will  remain  air-cooled.  Refer  to  section  4.1.1  of  this  report 
for  more  detailed  information. 

(2)  Silicon  nitride  stator  vane  assemblies  were  tested  successfully 
in  the  static  rig  under  cyclic  conditions  to  2200°F  at  pressure  ratios 
between  3  and  8:1.  Cracks  were  observed  in  4  of  8  airfoils  and  2  outer 
end  caps  after  106  controlled  shutdowns  from  peak  to  idle  temperature. 

The  test  assembly  remained  totally  functional  at  the  end  of  the  test 
sequence.  Refer  to  section  4.1.2  of  this  report  for  more  detailed 

in format -on. 

(3)  Failure  analysis  of  the  Si3N4  stator  vane  assemblies  tested  in 
the  static  rig  indicated  that  all  of  the  cracks  developed  from  areas  of 
high  stress  concentration  which  were  associated  with  edge  loading.  The 
condition  »."^s  attributed  to  the  vane  manufacturer's  inability  to  meet 
the  required  design  tolerances  at  the  airfoil-end  cap  interface.  Thermal 
stress  may  have  contributed  to  crack  propagation  but  it  was  certainly 
not  a  primary  cause  of  failure.  Refer  to  section  4.1.1  of  this  report 
for  more  detailed  information. 

(4)  Seven  hot-pressed  silicon  carbide  vane  assemblies  were  received 
from  the  Norton  Company.  While  dimensional  accuracy  is  improved  greatly 
over  that  observed  in  similar  silicon  nitride  hardware,  some  rework  is 
required  to  preclude  the  edge  loading  condition  which  presumably  caused 
failure  of  the  Si3N4  vanes  in  the  static  rig  test.  Refer  to  section  4.1.3 
of  this  report  for  more  detailed  information. 

(5)  The  Westinghouse  Isoparametric  Element  Code  (WISEC)  for  the 
three-dimensional  stress  analysis  of  turbine  stator  vanes  and  rotor  blades 
has  been  improved  by  the  addition  of  a  mesh  generator.  The  theoretical 
aspects  of  creep  analysis  with  isotropic  material  properties  are  complete. 
Refer  to  section  4.2.1  of  this  report  for  more  detailed  information. 

(6)  The  stress  analysis  of  ceramic  rotor  blading  has  been  extended 
to  include  steady  state  thermal  and  centrifugal  loading  conditions  where 
the  contact  force  is  uniformly  distributed  at  the  blade  root-metal 

disc  surface.  Refer  to  section  4.2.2  of  this  report  for  more  detailed 
information. 
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2.3  MATERIALS  TECHNOLOGY  -  VEHICULAR  AND  STATIONARY  PROJECTS 

Complete  property  characterization  of  the  ceramic  materials  for 
turbine  engine  use  is  an  enormous  task,  which  will  proceed  throughout 
the  life  span  of  the  contract.  This  task  is  complicated  by  the;  fact 
that  many  of  the  materials  being  investigated  are  in  the  developmental 
stage.  Improvements  in  properties  are  anticipated,  which  will  require 
that  some,  if  not  all  of  the  physical  properties  will  be  re-determined 
eventually.  Progress  in  materials  technology  is  summarized  in  this 
section  of  the  ieport. 

(1)  Weibull  parameters  for  hot  pressed  silicon  nitride  and  silicon 
carbide  were  determined  from  available  strength  data  and  failure  probability 
plots  were  prepared.  Section  5.1.1  contains  more  information  on  this  work. 

(2)  Creep  testing  of  injection  molded  reaction  sintered  silicon 
nitride  has  provided  further  proof  that  calcium-containing  impurities  are 
the  primary  cause  of  creep.  The  presence  of  aluminum  appears  to  be 
harmful  as  well,  but  to  a  lesser  degree  than  calcium.  Fine  grain  structure 
also  improves  creep  resistance.  Refer  to  Section  5.1.2  for  more  information. 

(3)  Creep  of  slip  cast  reaction  sintered  silicon  nitride  was  investi¬ 
gated.  The  use  of  iron  oxide  as  a  nitriding  aid  was  also  found  beneficial 
for  improved  creep  resistance.  Section  5.1.2  contains  details  of  this 
work. 

(4)  An  experimental  study  of  the  effect  of  grain-boundary  impurities 
normally  found  in  hot  pressed  silicon  nitride  on  wetting  and  interfacial 
reactions  was  carried  out.  Refer  to  Section  5.2.1  for  details. 

(5)  The  effect  of  sulfur  in  turbine  fuel  on  oxidation  and  sulfidation 
of  hot  pressed  silicon  nitride  and  silicon  carbide  was  investigated. 

Section  5.2.2  discusses  this  work. 

(6)  Improvements  in  the  strength  of  injection  molded  reaction  sintered 
silicon  nitride  have  been  made.  The  use  of  small  amounts  of  hydrogen  added 

to  the  nitriding  atmosphere,  removal  of  a  coarse  fraction  from  the  silicon  metal 
powder  starting  material,  and  the  addition  of  iron  oxide  as  a  nitriding  aid 
weie  all  effective  in  increasing  strength.  Refer  to  Section  5.2.3  for  more 
information. 

(7)  Slip  casting  processes  have  been  developed  for  the  fabrication 

of  reaction  sintered  silicon  nitride  components.  Section  5.2.4  presents 
the  results  of  this  work. 

(8)  Differences  in  the  operating  characteristics  of  ultrasonic 
transducers  were  found  to  have  considerable  influence  upon  defect  detection 
in  hot  pressed  silicon  nitride.  Refer  to  Section  5.3.1  for  more  information. 
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(9)  A  method  was  developed  for  monitoring  acoustic  emission  response 
of  silicon  nitride  stators  during  a  furnace  testing  sequence.  Section 

5.3.2  contains  data  obtained  from  a  second  stage  inverted  channel  stator. 

(10)  X-ray  radiography  was  evaluated  for  locating  defects  in  as-molded 
turbine  rotors  and  inclusions  in  hot  pressed  silicon  nitride.  Section 

5.3.3  discusses  this  work. 

(lit  Resolution  limits  for  defects  in  hot-pressed  S^Ni*  and  SiC  have 
been  determined  for  X-ray  radiography  and  ultrasonic  scanning.  Refer 
to  section  5.3  of  this  report  for  more  detailed  information. 
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3.  PROGRESS  ON  THE  VEHICULAR  TURBINE  PROJECT 
3.1  CERAMIC  1  OR  DEVELOPMENT 


SUMMARY 


An  in-depth  study  has  been  directed  to  the  application  of  Weibull 
Statistical  Flaw  Theory  to  predict  probability  of  failure  of  monolithic 
hot  pressed  silicon  nitride  rotors.  The  effects  of  varying  throat  and 
bore  thickness  as  well  as  disk  contours  were  investigated.  Probability 
of  failure  predictions  were  made  for  each  configuration  at  two  engine 
operating  conditions.  A  correlation  study  using  hot  pressed  silicon 
nitride  was  performed  to  evaluate  the  theory  by  spin-testing  disks  and 
breaking  small  transverse  test  samples. 

Work  has  been  initiated  on  the  three-dimensional  analysis  of  ceramic 
rotors.  A  structural  analysis  computer  program  and  a  transient  thermal 
analysis  computer  program  have  been  procured  and  are  currently  being  imple¬ 
mented.  Both  computer  programs  are  based  on  finite  eiement  techniques  and 
are  fully  compatible  with  each  other. 

Development  work  is  continuing  on  the  "duo-density"  silicon  nitride 
rotor  concept.  Pressing  parameters  were  established  for  press-bonding  the 
injection  molded  blade  rings  and  the  hot  pressed  hubs.  A  modified  version 
of  this  concept  using  a  third  element,  a  ring  of  slip  cast  silicon  nitride 
introduced  between  the  blade  ring  and  the  hub,  called  "triple-density",  is 
being  developed.  The  slip  cast  material  increases  the  rigidity  of  the  blade 
ring  during  press-bonding.  A  compression  rig  has  been  built  to  allow 
independently  controlled  pressures  to  be  applied  to  two  critical  locations 
during  the  press-bonding  cycle. 

Several  techniques  are  being  evaluated  to  determine  the  most  suitable 
material  for  supporting  the  blades  during  press-bonding.  Boron  nitride  power 
was  evaluated  and  found  inadequate  as  a  support.  Work  is  continuing  using 
reaction  sintered  silicon  nitride  as  a  blade  fill  material.  The  chemically 
vapor  deposited  silicon  carbide  rotor  program  has  been  terminated  as  a  result 
of  low  strength  as  measured  by  cold  spin  pit  testing  and  apparent  material 
inhomogenity.  The  study  of  electric  discharge  machining  of  hot-pressed  silicon 
carbide  has  also  been  stopped.  Ultrasonic  machining  is  being  used  successfully 
in  machining  of  rotor  disk  contours  and  center  bores,  although  work  on  blade 
machining  was  discontinued. 

Thirteen  ceramic  rotors  have  been  cold  tested  in  the  vacuum  spin  pit. 

Blade  failures  occurred  at  50,300  rpm  and  55,700  rpm  for  the  best  "duo-density" 
and  "triple-density"  rotors  respectively. 

The  thermal  shock  test  rig  is  being  used  to  evaluate  the  thermal  shock 
characteristics  of  ceramic  rotor  blades.  The  blades  were  subjected  to 
simulated  engine  transient  thermal  loads.  No  failures  were  observed  after 
250  cycles  at  the  simulated  engine  idle  condition.  Blade  failures  began  to 
occur  as  che  test  rig  operation  increased  in  severity  to  conditions  which 
simulated  maximum  engine  inlet  temperatures.  Work  is  planned  to  investigate 
these  failures  during  the  next  reporting  period. 
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As  an  overall  assessment,  many  approaches  for  a  ceramic  turbine  rotor 
have  been  investigated  and  most  of  these  have  been  dropped  because  they  were 
judged  unlikely  to  succeed  in  the  time  available.  Currently,  the  primary 
candidate  for  a  one-piece  ceramic  turbine  rotor  for  the  vehicular  engine  is 
the  multi-density  Si3N4  rotor;  this  choice,  however,  could  change  with  material 
and/or  fabrication  breakthroughs.  Several  multi-density  Si3N4  rotors  have  been 
made,  although  the  bond  quality  between  the  hot  pressed  hub  and  injection  molded 
blade  ring  is  still  unsatisfactory.  In  addition,  cold  spin  testing  of  blade 
rings  indicates  that  the  strength  of  the  injection  molded  Si3N4  needs  further 
improvement  to  consistently  withstand  the  stress  associated  with  full  speed 
operation.  Planned  programs  to  improve  both  the  injection  molded  material  and 
the  bond  quality  are  expected  to  result  in  turbine  rotors  suitable  for  hot 
testing.  Because  hot  testing  has  not  yet  started,  associated  problems  which 
can  normally  be  expected  in  this  type  of  development  have  not  yet  been  uncovered. 
For  this  reason,  the  confidence  for  achieving  a  successful  ceramic  turbine  rotor 
within  the  program  timing  cannot  be  as  high  as  for  the  stationary  components 
with  are  well  into  the  iterative  development  phase. 
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3.1.1  DESIGN  AND  ANALYSIS 


Introduction 

A  method  of  predicting  the  probability  of  failure  of  ceramic  turbine 
rotors  based  on  Weibull's  statistical  flaw  theory  is  presented  with 
predictions  for  various  rotor  geometries  subjected  to  maximum  steady 
state  and  transient  stress  conditions.  Results  from  a  program  to 
correlate  the  strength  of  hot  pressed  silicon  nitride  MOR  test  bars 
with  the  strength  of  spin  disks  of  the  same  material  are  included 
A  method  of  assembling  the  ceramic  turbine  rotors  to  the  metallic  high 
speed  shaft  with  the  folded  bolt  has  been  developed  and  is  discussed. 

Strength  Analysis  and  Probability  of  Failure 
of  Hot-Pressed  Silicon  Nitride  Rotors _ 

During  this  reporting  period,  strength  and  probability  of  failure 
analyses  were  made  on  the  Design  C  monolithic  hot-pressed  Si3N4  turbine 
rotors . 

The  strength  and  probability  of  failure  analyses  reported  are  based 
on  Weibull’s  statistical  flaw  theory.  This  theory  was  chosen  since  it 
contains  a  simple  mathematical  expression  and,  compared  to  other  biaxial 
fracture  criteria,  yields  more  conservative  strength  predictions  in  the 
tension -tension  quadrant  in  which  a  major  portion  of  the  turbine  rotor 
structure  will  normally  operate.  This  analysis  assumes  that  hot-pressed 
Si3N4  has  isotropic  mechanical  properties.  While  it  has  been  shown  that 
this  material  is  weaker  in  the  direction  parallel  to  the  hot  pressing 
motion  the  major  stresses  in  the  rotor  lie  in  the  perpendicular  or 
"strong  direction";  therefore,  any  errors  resulting  from  this  assumption 
should  be  insignificant.  The  compressive  principal  stresses  induced  in  the 
outer  regions  of  the  disk  (above  the  disk  throat)  by  thermal  gradients  are 
relatively  low,  and  even  under  the  extreme  transient  operating  conditions 
do  not  exceed  the  ultimate  strength  in  tension.  Therefore,  it  is  antici¬ 
pated  that  the  omi: sion  of  the  contribution  of  the  compressive  stresses  to 
the  fracture  strength,  the  apparent  weakness  of  Weibull's  theory,  will  have 
negligible  effect  on  the  predicted  probability  of  failure. 

The  probability  of  failure  analysis  is  based  on  a  generalized  three- 
parameter  Weibull  function,  providing-where  applicable-a  zero  probability 
of  fracture  stress.  For  most  structural  ceramics,  the  general  consensus 
is  to  assume  this  stress  to  be  zero.  Weibull's  probability  of  failure  for 
a  structural  component  or  element  is: 

p  -  i  -  -B 
e 

where:  B  =  risk  of  rupture  =f  (7n  -  u)  mdv  (2) 

I  a 

Jv  o 

Jn  =  the  normal  stress  in  tension 

au  =  stress  below  which  there  is  no 

failure;  i.e.  the  threshold  stress 
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o  =  normalizing  stress 


n  =  Weibull  slope,  a  measure  of  the 
variability  ir.  material  strength 

(m,  u,  and  %  are  commonly  referred  to  as  the  Weibull  parameters) 

In  the  general  case  of  a  structure ,  such  as  the  turbine  rotor  where  the 
stress  distribution  is  arbitrary  and  the  Weibull  paprameters  may  vary  through¬ 
out,  the  risk  of  rupture  of  the  total  structure  can  be  expressed  more  conven¬ 
iently  as  the  summation  of  the  risks  of  rupture  of  individual  elements  dV: 


■fM 


where:  dB^ is  the  risk  of  rupture  per  unit  volume  around  a 
dV 

point  and  is  obtained  by  integrating  the  Weibull  function 
/°n-°u\m  (4) 


over  those  directions  in  which  tensile  stresses  occur 


f(^y 


where:  de  =  the  spatial  angle 

llie  constant  K  in  the  above  equation  depends  upon  the  local  values  of  the 
Weibull  parameters  and  the  state  of  stress  for  the  element  dV,  whether  it 
is  uniaxial,  biaxial,  or  triaxial.  The  normal  stress  in  the  direction  of 
the  spatial  angle  de  is  n. 

In  an  axisymmetric  solid,  such  as  the  disk  of  a  turbine  rotor,  the. 
elemental  volume  dV  in  equation  (3)  is  a  ring  of  radius  R,  concentric  witl 
the  rotor  axis  and  having  a  cross-sectional  area  of  dA. 

dV  =  2ttR  dA  (6) 

Differentiating  equation  (3)  with  respect  to  A  and  substituting  equation  (6) 
we  obtain  the  risk  of  rupture  intensity. 

dB  =  2ttR  /  d_B_\  (7) 

dA  \dV/ 

The  risk  of  rupture  intensity  contour  maps  for  the  first  stage  turbine  rotor 
at  maximum  steady-state  and  two  transient  operating  conditions  are  shown  in 
Figures  3.1a,  3.2a,  and  3.3a.  These  three  conditions  have  been  used  in  work 
reported  earlier  (4)  to  evaluate  the  rotor  design.  The  maximum  steady-state 
condition  corresponds  to  full  throttle  operation  and  the  two  transients 
correspond  to  cold  start  and  cold  engine  acceleration  respectively.  The 
cold  start  or  first  transient,  as  it  is  referred  to  throughout  the  remainder 
of  this  section,  assumes  the  engine  initially  to  be  shutdown  and  at  room 
temperature.  The  rotor  blades  are  suddenly  subjected  to  a  hot  gas  stream 
and  a  rotational  speed  corresponding  to  the  partial  power  output  conditions. 
At  maximum  stress  during  this  transient,  the  engine  operating  conditions  are 
suddenly  increased  to  full  power.  This  represents  full  throttle  acceleration 
of  a  cold  engine  and  is  termed  the  second  transient. 


Figure  3.1a  First  Stage  Rotor  Risk  of  Rupture  Intensity  Map 
For  The  Maximum  Steady  State  Condition 
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Figure  3.2a 


First  Stage  Rotor  Risk  of  Rupture  Intensity 
Map  For  The  First  Transient  Condition 
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RISK  OF  RUPTURE  INTENSITY 

DISK  PROBABILITY  OF  FAILURE  =  368/10000 


Figure  3.3a  First  Stage  Rotor  Risk  of  Rupture  Interrity 
Map  For  The  Second  Transient  Condition 


Table  3.1  summarizes  the  total  risks  of  rupture  and  probabilities  of 
failure  for  both  rotor  disks  at  the  conditions  described  above.  In  these 
computations  the  blade  loads  were  included  but  the  contribution  of  the  blades 
to  the  failure  probability  of  the  rotor  was  omitted.  It  should  be  noted  that 
the  values  shown  describe  the  failure  probabilities  or  strengths  for  the  load¬ 
ing  conditions  upon  which  they  are  calculated  and  should  not  be  interpreted 
as  the  probabilities  of  failure  in  service. 

The  values  of  the  Weibull  parameters  used  in  this  analysis  weie  obtained 
from  modulus  of  rupture  (MOR)  tests  of  hot -pressed  Si3N4  bars.  It  is  to  be 
noted  that,  at  this  point  in  the  study,  the  purpose  is  to  determine  the  effect 
probability  analysis  will  have  on  the  design  of  a  rotor  rather  than  exact 
values  of  failure  probability. 

The  risk  of  rupture  intensity  contour  maps  are  similar  in  appearance  to 
the  stress  contour  maps,  which  are  shown  in  Figures  3.1b,  3.2b,  and  3.3b. 

They  also  accentuate  the  areas  of  stress  concentration  in  the  neck,  and 
particularly  around  the  balancing  rings.  These  areas  are  the  locations  where 
failure  is  most  likely  to  occur.  In  contrast,  the  immediate  area  of  the  bore, 
which  is  as  equally  severly  stressed  as  is  the  neck,  is  less  likely  to  be  an 
area  of  failure  initiation,  strictly  due  to  the  fact  that  a  much  smaller  volume 
is  exposed  to  high  stresses.  This  is  indicated  in  Equation  (7),  which  shows 
that  when  two  areas  have  the  same  stress  level  and  therefore  the  same  risk  of 
rupture  per  unit  volume  (dB/dV),  the  one  which  has  the  larger  radius  and  thus 
the  larger  volume  will  have  a  higher  failure  probability. 


Table  3.1  Summary  of  Total  Risks  of  Rupture  and  Probabilities  of  Failure 
For  Design  C  Monolithic  Hot  Pressed  Silicon  Nitride  Turbine 
Rotor  Disks. 


MAXIMUM 

CONDITION  STEADY  STATE  FIRST  TRANSIENT  SECOND  TRANSIENT 


First  Stage 

Turbine  Disk 

Risk  of  Rupture 
Probability  of 
Failure 

12/10000 

12/10000 

1/10000 

1/10000 

375/10000 

368/10000 

Second  Stage 

Turbine  Disk 

Risk  of  Rupture 
Probability  of 

Fai lure 

24/10000 

24/10000 

0.9/10000 

0.9/10000 

235/10000 

232/10000 

Weibull  Parameters  m  =  9.6 

ou  "  0 

o  =  57,800  psi 

Typical  of  HS-130  Hot  Pressed  Silicon  Nitride,  Sased  on  Work  at  Norton,  Lucas, 
and  Westinghoase . 
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HOT  GAS  FLOW 


MAXIMUM  PRINCIPAL 
STRESS  (PSD 


First  Stage  Rotor  Stress  Contour  Map  For 
The  First  Transient  Condition 


c  HOI  gas  flow 


MAXIMUM  PRINCIPAL 
STRESS  (PSD 


First  Stage  Rotor  Stress  Contour  Map  For  The 
Second  Transient  Condition 


Figure  3.3b 


With  this  in  mind,  a  series  of  modifications  were  conducted  on  the  basic 
disk  contour  of  the  first  stage  rotor,  primarily  in  the  areas  where  it  appeared 
that  the  material  was  least  effectively  utilized,  and  the  effect  of  these 
modifications  on  the  risk  of  rupture  intensity  distribution  and  on  the  total 
probability  of  failure  was  evaluated.  Some  selected  risk  of  rupture  intensity 
distribution  maps  from  this  study  are  shown  in  Figures  3.4  and  3.5. 
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Figure  3.4  Modified  Disk  Contour  First  Stage  Rotor  Risk 

of  Rupture  Intensity  Map  For  The  Maximum  Steady 
State  Condition 
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It  is  seen  that  a  more  uniform  distribution  of  the  risk  of  rupture  intensity 
contour  lines  is  obtained  in  the  modified  disk  (Figures  3.4  and  3.5),  as  compared 
to  the  original  one  (Figures  3.1  and  3.3).  This  is  evidenced  by  the  increased 
density  of  contour  lines  in  the  bore  region.  Furthermore,  it  is  seen  that  the 
risk  of  rupture  in  the  stress  concentration  area  immediately  above  the  balancing 
ring  has  been  greatly  reduced. 
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Figure  3.5  Modified  Disk  Contour  First  Stage  Rotor  Risk  of 
Rupture  Intensity  Map  For  The  Second  Transient 
Condition 
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Figure  3 . 6  summarizes  the  disk  contour  modifications  that  were  studied 
and  shows  the  total  disk  probability  of  failure  for  thi  maximum  steady-state 
and  for  the  maximum  (second)  transient  engine  operating  conditions. 


Contrary  to  expectation,  the  original  disk  profile  (1A  or  2A  with  the 
balancing  rings  removed)  which  was  designed  with  the  conventional  deterministic 
approach,  proved  to  have  the  lowest  probability  of  failure,  thus  indicating 
that  the  stress  distribution  rather  than  the  volumetric  effects  still  play 
the  decisive  role.  Th  s  is  further  evidenced  in  disk  configuration  2C  in 
Figure  3.6.  This  configuration  features  increased  throat  width,  and  therefore, 
a  greater  volume  than  configuration  2A.  The  stresses  in  the  throat  region 
have  been  reduced,  however,  by  the  addition  of  material  and  as  seen  in 
Figure  3.6,  so  was  the  probability  of  failure. 


MAX  STEAOY  STATE  33/10000 
MAX  TRANSIENT  620/10000 


MAX.  STEAOY  STATE  12/10000 
MAX.  TRANSIENT  340/10000 


MAX  STEAOY  STATE  32/10000 
MAX  TRANSIENT  690  10000 


MAX.  STEADY  STATE  170/10000 
MAX  TRANSIENT  3100/10000 


Figure  3.6  Effects  of  Geometry  on  Probability  of  Failure  of  Hot  Pressed 
Silicon  Nitride  Rotor  Disk 


Material  Testing  Program 

To  ascertain  the  applicability  of  the  Weibull  model  to  turbine  rotor-like 
structures  a  test  program  was  conducted  to  determine  the  relationship  between 
the  failure  strength  of  M0R  test  bar  and  that  of  a  flat  sided  spin  disk.  The 
ceramic  material  thal  was  used  in  the  testing  was  Norton  HS-130  hot-pressed 
silicon  nitride.  Four  separate  material  billet  lots  were  used.  Twenty-five 
M0R  bars  (0.125  in.  x  0.125  in.  x  2.0  in.  long)  and  four  spin  disks  (3.0  in. 
O.D.,  0.5  in.  I.D.,  0.5  in.  thick)  were  machined  in  the  strong  direction  of 
each  billet.  All  samples  were  ground  with  320  grit  diamond  wheels  to  insure 
a  uniform  surface  finish.  The  edges  of  M0R  bars  were  chamfered  to  0.015  in. 
x  45°  and  the  disk  bore  had  a  fillet  radius  of  0.060  in.  so  as  to  minimize 
effects  of  sharp  edges. 
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The  MOR  bars  were  tested  on  an  Instron  Machine  using  four -point  loading 
(outer  span  of  1.50  in.,  inner  span  of  0.75  in.)  at  room  temperature  with  a 
cross-head  rate  of  0.02  in/min.  The  burst  strength  of  the  spin  disk  is  ob¬ 
tained  from  the  following  equation: 


Disk 


aM0R 


1  (  /  \  - 

(  Veff.MOR  \  m  +  ’’u  [  I  -(  Veff.MOR  \  m 

y  Vcff .Disk  )  I  \  Veff .Disk  / 


(8) 


In  this  equation  CTdisk  and  °M0R  represent  the  strength  or  the  fracture  stress 
in  the  spin  disk  and  in  the  MOR  bar  respectively.  The  Weibull  slope  is  m, 
while  au  is  the  threshold  stress.  As  stated  earlier,  it  is  customary  for 
structural  ceramics  to  set  u  equal  to  zero.  Veff  disk  and  Veff  MOR  are 
respectively  the  effective  volumes  of  the  spin  disk  and  the  MOR  bar.  The 
effective  volume  of  a  component  is  defined  as  the  volume  of  a  tensile  speci¬ 
men  of  the  same  statistical  material  which  will  have  the  same  survival 
probability  under  an  equal  magnitude  of  applied  stress. 


The  effective  volume  is  a  function  of  the  structure  geometry  and  of  the 
loading  The  geometry  and  the  loading  for  the  MOR  test  bar  and  for  the  spin 
disk  are  shown  in  Figures  3.7  and  3.8  respectively.  Integrating  the  risk  of 
rupture  expression  (Equation  2)  and  normalizing  with  respect  to  the  maximum 
stress  (°n  )  which  for  the  MOR  bar  is  at  the  outer  fiber  and  for  the  spin 

disk  is  atmt£e  bore,  gives  the  respective  effective  volumes  for  the  bar  and 
the  disk. 
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Figure  3.7 


Geometry  and  Loading  of  Modulus  of  Rupture  Test  Bar 


Knowing  °M0R  and  %  one  can  now  predict  the  strength  of  the  spin  disk  or 
its  burst  speed  using  for  disk  the  expression  for  the  maximum  normal  stres 
as  -hown  inVigure  3.8.  Solving  this  equation  for  the  angular  velocity  u 
gives  the  predicted  burst  speed 


u  = 


/  4  7M0R 

/  VeffMOR  \  m 

(9) 

(*  ♦  v1)  Ro^  ♦  1  -  v  Ri'1 

l  VeffDisk  ) 

3  ♦  v 
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INCLUSION  (REFER  TO  FIG.  S.S 
OF  THIS  REPORT  ) 
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Figure  3.8  Geometry  and  Loading  of  Spin  Disk 

The  three  inch  diameter  spin  disks  were  tested  In  an  equated  spin  pit 
(?)  so  as  to  minimize  frictional  resistance  and  heating.  The  disxs  were 
driven  by  a  Barbeur-Stcckwell  Model  1131  1.5  inch  air  turbine  which  can 
operate  L  a  maxim™  speed  of  150,000  rpm.  The  disks  were  accelerated  at 
an  average  rate  of  19,260  rpm/min.  Tests  results  along  with  analytical 
predictions  are  shown  in  Figure  3.9. 

As  shown  there  is  a  good  agreement  between  the  predicted  and  actual 
values  fo^e  ftot  lot  of  disk!.  However,  the  test  values  for  the  second 
lot  are  somewhat  lower  than  the  predicted  ones.  This  has  been  traced  to  the 
of  macro-inclusions  located  at  the  highly  stressed  bore  region  of 
the  disk  (Figure  3.8).  Examination  of  the  fracture  area  has  shown  these 
inclusions  to  be  the  origins  of  failure. 
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TEST  RESULTS,  4-POINT  LOADING 

Sample  size  25 /batch 


PREDICTIONS  TEST  RESULTS 

- -  SAMPLE  SIZE:  4 /BATCH 


m 

STRENGTH 

PSI 

DISK 

STRENGTH 

PSI 

5.77 

114,550 

49,030 

6.56 

126,380 

61,700 

4.57 

110,360 

35,050 

10.95 

123,540 

84,670 

BURST 

SPEED, 

RPM 

m 

DISK 

STRENGTH 

PSI 

BURST 

SPEED, 

RPM 

90,380 

5.20 

51,040 

91,700 

101,380 

6.10 

55,980 

96,110 

76,410 

118,770 

Figure  3  9  Correlation  of  Modulus  of  Rupture  and  Spin  Test  Resuits 

For  Norton  HS-130  Hot  Pressed  Silicon  Nitride  With  u  =  0 


As  discussed  previously,  the  Weibull  analysis  was  conducted  assuming 
the  threshold  stress  (^u)  equals  zero.  To  check  out  this  assumption  a  para¬ 
metric  analysis  was  made  using  the  first  lot  of  bars  and  disks.  The  results 
are : 


MOR  PREDICTIONS 

au  PS I  DISK  BURST  SPEED,  RPM  DISK  STRENGTH,  PSI 

0  90,380  49,030 

37,560  87,890  45,050 

ACTUAL  DISK  TEST  RESULTS 
DISK  BURST  SPEED,  RPM  DISK  STRENGTH,  PSI 
91,700  51,040 


These  results  show  that  the  assumption  of  0u  =  0  is  more  applicable  in  this 
case  judging  by  the  correlation  with  test  results. 


This  is  a  first  step  in  developing  this  theory.  Future  studies  in  the 
field  of  probability  analysis  will  involve  investigations  of  the  relative 
importance  between  the  material  mean  strength  (  mean)  and  the  material  varia¬ 
bility  (m),  as  they  effect  the  failure  probability  of  the  rotor.  Since  surface 
flaws  have  a  significant  effect  upon  the  probability  of  failure,  this  condition 
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operating  conditions. 

Three  Dimensional  Stress  Analysis  of  Ceramic  Rotors. 

for^th^blade^theraselve^an^the  immediate^neighboThood^o^the  blade-platform 
analysis  is  not  valid. 

Ford  has  procured  a  three  dimensional  finite  element  stress  analysis 
program  (SAP)  and  a  three  dimensional  finite  element  transient  thermal 
analysis  program  (TAP).  The  basic  element  of  these  programs  is  an  e  & 
noded  isoparametric  solid  capable  of  thermal  and  mechanical  loading. 

TAP  is  currently  being  adapted  to  Ford's  computer  system  and  should 
ho  operational  in  early  1974.  SAP  is  operational  and  has  been  modified 
°o  inc lude°cent  r i fugal^ 1 oad ing .  The  ^-dimensional  analyt  ca  mode  as 
a  slice  which  includes  one  blade  and  the  attached  disk.  Figure  3.10  shows 
a  sketch  of  the  model  as  viewed  parallel  to  the  rotor  centerline. 


FACE  A 


FACE  B 


Figure  3.10 
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\  / 

V 

Sketch  of  Three  Dimensional  Rotor  Model  Parallel  to  Rotor 
Centerline 
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Continuity  requires  that  the  radial  and  circumferential  deflection  - 
on  face  A  equal,  respectively,  the  radial  and  circumferential  deflections  on 
face  B,  This  boundary  condition  requirement  is  currently  being  incorporated 
into  the  SAP  code.  A  program  has  been  written  to  assist  in  the  generation  of 
the  3-D  rotor  models.  Preliminary  rotor  models  have  been  constructed  and  are 
being  prepared  for  analysis. 

Ceramic  Rotor  Attachment 

The  folded  bolt  and  the  curvic  coupling  designs  for  the  attachment  of  the 
ceramic  rotors  have  been  discussed  in  previous  reports  C1.  The  folded 

bolt  is  made  up  of  a  tensile  member  of  Inconel  alloy  718  and  a  compressive 
member  of  A-286.  The  difference  in  the  thermal  expansion  coefficients  of 
these  two  materials  will  reduce  the  relaxation  of  the  clamping  load  due  to 
the  thermal  expansion  of  the  rotor  bolt.  To  further  control  the  bolt  re¬ 
laxation,  cooling  air  is  passed  over  the  compressive  member  and  through  the 
center  of  the  tensile  member.  The  final  assembly  design,  a’ong  with  the 
installation  tool  (cross-hatched)  is  shown  in  Figure  3.11.  A  metallic 
locating  adapter  has  been  placed  in  front  of  the  first  stage  rotor  to 
position  the  bolt  for  minimum  imbalance.  The  installation  tool  is  designed 
to  preload  the  bolt  to  the  desired  level  without  placing  the  bolt  in  torsion. 


Assembly  is  accomplished  by  placing  the  adaptor  and  the  anti-rotation 
star  washer  on  the  shaft  and  tightening  the  rotor  nut  by  hand.  The  installation 
tool  is  then  threaded  onto  the  bolt  and,  with  the  puller  body  held  stationary, 
the  installation  nut  is  tightened  to  the  correct  preload.  The  load  is  measured 
with  an  aluminum  load  ring  which  has  been  strain-gaged  and  calibrated.  The 
rotor  nut  is  then  tightened  with  the  tightening  ring  until  a  small  change  in 
the  load  ring  output  is  read.  The  installation  nut  can  be  removed  along  with 
the  rest  of  the  tool  and  the  bolt  will  retain  the  desired  preload.  The  rotor 
nut  is  locked  in  place  by  a  star  washer  which  engages  both  the  nut  and  the 


ANTI-ROTATION  WASHER 


CURVIC  COUPLINGS 


ADAPTOR 


TIGHTENING  RING 


INSTALLATION  NUT 


PULLER  BODV 


BEARINGS 


ROTOR  NUT 


COMPRESSIVE  MEMBER 
TENSILE  MEMBER 


Figure  3.11  Turbine  Rotor  and  Shaft  Assembly  Showing  Installation  Tool 
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adaptor.  The  installation  tool  and  procedure  has  been  designed  so  that  the 
rotors  may  be  readily  installed  and  replaced  in  the  engine  without  the  necessity 
of  removing  the  engine  from  its  test  installation. 

The  curvic  coupling  used  to  attach  the  individual  rotors  has  been  changed 
from  a  15  tooth  30  pressure  angle  coupling  to  a  10  tooth  40  pressure  angle 
coupling.  The  ten  tooth  curvic  coupling  design  has  been  bench  tested  under 
thermal  and  mechanical  cyclic  loads.  The  test  cycle  consisted  of  an  axial 
clamping  load  and  a  thermal  transient  load  designed  to  simulate  the  engine 
start-up  and  cool-down  cycles.  Heat  is  applied  to  the  ceramic  test  speci¬ 
men  (')  and  a  thermocouple  is  used  to  monitor  temperature  of  the  metal  test 
specimen  during  the  test. 

Two  sets  of  the  ten  tooth  ceramic-to-metal  curvic  coupling  test 
specimens  have  been  tested^  The  first  set  failed  under  the  first  thermal 
cycle  at  approximately  220  F  and  6200  lbs.  load.  Failure  was  attributed  to 
friction.  The  curvic  couplings  are  machined  at  near-production  rates 
(approximately  thirty-six  seconds  machining  per  tooth)  resulting  in  surface 
finishes  in  the  order  of  20-40  p  in.  PA.  This  finish  apparently  was  too 
coarse  to  allow  sliding  under  the  high  axial  loads  being  imposed.  There¬ 
fore,  a  high  temperature  nickel-base  lubricant  was  added  at  the  interface 
between  the  metal  and  ceramic  teeth  of  the  second  test  specimen  set.  Testing 
is  continuing  with  this  lubricant  in  the  assembly. r  No  indications  of  damage 
have  been  observed  after  several  thermal  cycles  to  500  F  and  9000  lbs.  This 
is  encouraging  in  regard  to  prospects  for  this  design. 
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3.1.2  MATERIALS  AND  FABRICATION 


Introduction 

The  primary  "in-house"  technique  being  developed  for  the  fabrication 
of  ceramic  turbine  rotors  involves  the  assembly  of  two  or  more  grades  of  silicon 
nitride.  The  major  emphasis  was  placed  on  the  duo-density  concept,  consisting 
of  an  injection  molded  blade  ring  and  a  hot  pressed  hub.  Several  techniques 
have  been  evaluated  for  the  application  of  uniform  pressure  to  the  joint 
between  the  two  elements.  A  compression  rig  was  fabricated  to  allow  independent 
pressures  to  be  applied  both  to  the  blade  ring,  through  graphite  wedges,  and 
to  the  hot  pressed  hub. 

Inability  to  properly  support  the  blade  ring  during  press  bonding  led  to 
the  introduction  of  a  slip  cast  rim  chemically  bonded  to  the  inside  surface 
of  the  injection  molded  blade  rim.  Several  rotors  have  been  fabricated  using 
this  technique  and  are  being  processed  throt  'h  final  machining.  This  concept 
is  called  triple  density,  since  the  slip  cast  material  has  a  density 
intermediate  between  injection  molded  and  hot  pressed  grades  of  Si3N4.  A  psev  1o- 
isostatic  pressing  technique  and  a  blade  fill  restraint  system  to  eliminate 
blade  fracture  during  press  bonding  ha^e  also  been  developed  during  this  report 
period . 

Evaluation  of  two  monolithic  rotor  concepts  developed  by  outside  sources 
has  been  completed.  The  CVD  silicon  carbide  rotor  program  and  EDM  programs 
have  been  terminated  upon  completion  of  these  evaluations. 

The  installation  of  a  Cavitron  ultrasonic  impact  grinder  is  complete  and 
several  rotor  machining  operations  were  developed.  Disk  contouring,  center 
boring  and  counterbore  machining  operations  were  performed  ultrasonical ly  on 
the  multi-element  rotors. 

A  precision  casting  program  has  been  initiated  with  Georgia  Institute  of 
Technology  directed  toward  development  of  investment  slip-casting  casting 
techniques  for  forming  precision  cast  ceramic  shapes,  aimed  primarily  at  rotor 
development. 

Duo-Density  Si3N4  Rotors 

The  duo-density  concept  is  one  of  several  techniques  being  investigated 
for  fabricating  a  ceramic  turbine  rotor.  In  this  concept,  the  high  strength 
of  the  hot-pressed  Si3N4  is  utilized  in  the  disk  region  where  stresses  are 
highest  but  temperatures  are  moderate  and,  therefore,  creep  problems  are 
minimized.  Reaction  bonded  Si3N4,  which  can  be  readily  formed  into  complex 
air-foil  blade  shapes  by  injection-molding,  is  utilized  for  the  blades  which 
are  exposed  to  the  highest  temperature  but  lowest  stress  levels. 

Work  during  this  reporting  period  was  directed  toward  developing  fabrication 
techniques  for  bonding  the  reaction-sintered  SijN^  blade  ring  and  hot-pressed 
Si3N4  disk  or  hub  together.  Although  other  fabrication  techniques  were  investi¬ 
gated,  the  major  emphasis  involved  the  graphite  wedge  technique  described  in 
the  last  report  The  blade  ring  assembly  was  injection  molded  in  one  piece 

from  silicon  metal  powder  and  subsequently  nitrided  to  form  Si3N4  having 
a  density  of  2.2  gm/cm\  The  Si3N4  hub  component  was  prepared  by  hot-pressing 
alpha  Si3N4  (AME)  powder  containing  2  w/o  MgO  into  theoretically  dense  disks. 

The  MgO  is  a  densification  additive  which  enables  the  alpha  Si3N4  powder  to 
be  hot-pressed  to  theoretical  density.  The  bond  surfaces  of  all  component 
parts  were  machined  to  remove  any  oxide  or  reaction  surface  layers. 
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Several  potential  assembly  techniques  were  evaluated  during  the  last 
reporting  period  C4) .  However,  fracture  of  the  reaction-bonded  blade  ring 
was  the  predominant  problem  preventing  the  fabrication  of  acceptable  turbine 
rotors  using  these  techniques.  This  led  to  the  design  of  a  graphite  wedge 
system  which  permitted  the  application  of  pressure  to  the  blade  ring  periphery. 
This  design  is  shown  in  Figure  3.12.  Force  is  applied  to  the  graphite  wedges 
and  graphite  spacer  by  the  large  graphite  piston  which  in  turn  simultaneously 
transmits  pressure  to  the  blade  ring  periphery  and  the  hub  component.  However, 
rotors  fabricated  by  this  technique  had  a  considerable  amount  of  variation  in  the 
degree  of  bonding  between  the  blade  ring  and  hub.  The  main  factor  whicn  con¬ 
tributed  to  the  inconsistant  bonding  was  the  lack  of  a  way  to  individually  control 
the  pressure  to  the  blade  ring  and  hub.  An  uneven  application  of  pressure  on 
either  component  resulted  in  weak  bonds  and/or  fractured  blade  rings. 

A  stainless  steel  compression  rig  was  designed  and  built  to  enable  individual 
control  and  monitoring  of  the  applied  pressure  on  both  the  outside  graphite  wedge 
and  inside  hub  component.  The  compression  rig  is  shown  in  Figure  3.13.  The 
large  top  plate  transmits  pressure  from  the  top  ram  to  the  outside  cooling  ram 
while  the  small  hand  operated  hydraulic  piston  exerts  pressure  to  the  center 
cooling  ram.  Figure  3.14  illustrates  the  graphite  wedge  system  used  in  con¬ 
junction  with  the  pressure  application  from  the  compression  rig. 


FORCE 


3b 


Figure  3.12 


Graphite  Wedge  Technique  for  Fabrication  of 
Duo-Density  Rotors 


However,  after  many  unsuccessful  attempts  at  fabricating  a  duo-density 
turbine  rotor,  it  was  concluded  that  the  strength  of  the  blade  rim  was 
insufficient  to  withstand  a  pressure  of  2000  psi  necessary  to  produce  a  bond. 
Since  the  rim  is  restrained  only  at  the  top  and  bottom,  the  rim  must  have 
enough  strength  and  stiffness  to  prevent  deformation  and/or  fracture  during 
hot-press  bonding.  To  accomplish  this,  the  blade  rim  thickness  was  increased 
from  0.280  inches  to  0.400  inches,  and  the  rim  was  built  up  with  higher  density 
slip-cast  Si3N4  rather  than  injection  molded  S^Ni,.  This  concept,  a  molded 
blade  ring  with  a  high  strength  slip-cast  rim,  has  been  termed  the  triple 
density  rotor.  This  design  uses  an  injection  molded  silicon  blade  ring  (with 
a  corresponding  Si3N4  density  of  2.2  g/cm  )  with  a  rim  wall  thickness  of  approxi¬ 
mately  0.400  inches  with  slip-cast  silicon  (having  a  corresponding  Si3N4  density 
of  2.6  g/cm3).  The  silicon  rotor  is  then  nitrided  to  Si3N4,  forming  a  chemical 
bond  at  the  injection  molded  slip-cast  interface.  Slight  shrinkage  variations 
during  drying  have  caused  inconsistant  bonding  at  the  interface  but  silicon  slips 
having  lower  shrinkage  characteristics  are  being  prepared  to  eliminate  this 
problem. 


Figure  3.13  Stainless  Steel  Compression  Rig 
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Figure  3.14  Graphite  Wedge  System  fo:y  Fabrication  of  Multi- 
Density  Rotors  Showing  the  Individual  Pressure 


Application 


Several  turbine  rotors  were  hot -press  bonded  at  1650  C  for  2  hours  at 
various  pressures  on  the  hub  ranging  from  2000  to  3500  psi.  All  the  rotors 
press-bonded  at  pressures  up  to  3000  psi  exhibited  excellent  bonds  at  the 
hot  pressed-slip  cast  S^Ni*  interface,  as  shown  in  Figure  3.15,  without  any 
deformation,  fracture,  or  increase  in  the  dimensions  of  the  blade  ring  rim. 
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However,  hub  pressures  above  3000  psi  resulted  in  some  tearing  and  deformation 
of  the  rotor  rim.  These  results  are  encouraging  and  indicate  that  fabricating 
a  triple  density  Si3N4  turbine  rotor  by  hot-press  bonding  remains  a  promising 
approach . 
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Figure  3.15  Microstructure  at  ietween  Hot-Pressed  and  Slip 

Cast  Silicon  Nitride  (250X) 


Ir.  an  effort  to  minimize  final  machining  of  the  multi-density  turbine 
rotors  hub  components  were  hot-pressed  to  the  approximate  hub  contour 
using  pre-shaped  graphite  dies.  Figure  3.16  shows  a  hot -press  bonded  triple 
density  turbine  rotor  that  was  bonded  using  a  preformed  contoured  hub  and  the 
graphite  wedge  system.  It  was  necessary  to  ultrasonical ly  machine  approxi¬ 
mately  0.030  incher  from  the  hub  surfaces  to  meet  final  dimensions. 


Other  fabrication  techniques  for  hot-press  bonding  duo-density  Si 3N4 
turbine  rotors  were  considered.  One  method  involved  pseudo-isostatic 
bonding  the  blade  ring  onto  the  hub  at  high  temperatures.  A  sketch  illus¬ 
trating  a  cut-away  view  of  this  technique  is  shown  in  Figure  3.17.  This 
method ’utilizes  the  radial  flow  of  boron  nitride  through  the  blades  rather 
than  the  previously  reported  Coaxial  flow  method.  The  blade  ring  and  hub 
are  pre-assembled  and  placed  in  the  graphite  fixture  as  shown.  The  cavity 
is  filled  with  boron  nitude  powder  and  pressure  applied  to  the  top  cylindrical 
graphite  piston  to  force  the  boron  nitride  powder  radially  through  the  blades 
and  pseudo-iso statically  apply  pressure  evenly  ovei  the  outside  diameter  of 
the  blade  rim.  Although  bonding  between  the  blade  ring  and  hub  was  accora- 


plished  at  1750°C  and  2000  psi  for  2  hours  by  this  technique,  the  blades 
completely  fractured  in  every  case  indicating  non-uniform  pressure  distri¬ 
bution  at  the  rotor  blades. 

Another  fabrication  technique  being  worked  on  involves  filling  the 
spaces  between  the  blades  of  the  Sij^  blade  ring  with  material  which  will 
restrain  the  rim  during  hot-press  bonding,  after  which  the  material  is  removed. 
This  approach  may  enable  the  bonding  of  duo-density  S^Ni^  rotors  with  relatively 
thin  (0.040  to  0.080  inch)  blade  rim  thicknesses.  A  heavy  boron  nitride 
coating  is  applied  to  the  blades  of  the  blade  ring  to  enable  remova1  of  the 
blade  fill  material  after  hot-press  bonding.  Silicon  metal  is  injected  into 
the  inter-blade  spaces,  the  binders  are  burned  out,  and  the  silicon  blade  fill 
material  is  ni  rided  to  form  Si3N'4-  The  rotor  components  (hub  and  blade  ring) 
are  assembled  and  hot-press  bonded  using  the  previously  described  wedge  tech¬ 
nique.  Preliminary  experiments  are  in  progress  and  results  are  incomplete 
thus  far. 

Monolithic  Rotors 


Ford/Energy  Research  CVD  Silicon  Carbide 

It  was  previously  reported  (4)that  four  of  seven  free  standing  full  scale 
turbine  rotors  produced  by  chemical  vapor  deposition  (CVD)  of  silicon  carbide 
had  been  cold  spin  tested  to  failure  in  a  spin  test  facility.  Examination  and 
analysis  of  the  photographs  taken  at  failure  and  of  the  parts  remaining  after 
failure  revealed  substantial  regions  of  incomplete  deposition,  particularly 
at  the  base  of  the  blades  in  the  transition  to  the  rotor  platform.  Further, 
there  was  evidence  of  inhomogeneity  in  the  hoop  and  significant  residual 
stress  appeared  to  exist  within  the  deposited  silicon  carbide. 

It  was  concluded  that  the  magnitude  of  the  problems  yet  to  be  solved 
in  the  CVD  silicon  carbide  process  are  such  that  it  is  not  likely  to  provide 
successful  ceramic  turbine  rotors  in  time  to  meet  the  ARPA  goals.  For  these 
reasons,  in  spite  of  the  long  range  potential  of  the  process,  it  was  decided 
tc  suspend  work  on  this  approach. 

Electric  Discharge  Machining  of  Hot-Pressed  Silicon  Carbide 

A  study  to  determine  feasibility  of  machining  aerodynamic  blade  shapes 
by  electric  discharge  machining  (EDM)  of  electrically  conductive,  hot  pressed 
silicon  carbide  has  been  previously  described  (2>3>41.  Four  types  of  SIC  had 
been  obtained  and  evaluated,  all  of  which  exhibitel  rough  surfaces  relative  to 
diamond  ground  SiC  and  a  preponderance  of  surface  cracks. 

Simulated  blade  shapes  were  also  machined  in  a  new  ultra  fine  grain  high 
strength  hot  pressed  silicon  carbide,  developed  under  Navy  contract  1  by  the 
General  Electric  Co.  Examination  by  SEM  indicated  many  cracks  were  present 
after  the  EDM  operation  even  after  large  reductions  in  process  parameters 
(voltage  and  current)  which  reduced  cutting  rates  to  10%  of  the  original  one 
inch  per  hour  rate.  In  order  to  establish  material  property  degradation  due 
to  micro  cracks,  test  bar  1/8"  x  1/8"  x  1-1/4"  long  were  machined  from  the 
GE  material  both  by  EDM  and  by  conventional  diamond  slicing  and  surface 
grinding  techniques.  Results  of  room  temperature  3  point  bending  tests 
on  the  two  groups  of  samples  cut  from  the  same  billet  are  shown  in  Table  3.-. 
Because  of  the  large  reduction  in  strength  and  the  damage  visible  in  the  SEM 
photograph,  shown  in  Figure  3.18,  further  work  on  machining  airfoil  shapes 
from  conductive  SiC  by  EDM  techniques  has  been  discontinued. 
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Strength  in  Three-Point  Bending  of  Machined  Hot  Pressed  Silicon  Carbide 


Conventional  Diamond  Grinding 


Sample  No 


Scanning  Electron  Micrograph  Showing  Damage  from 
EDM  Evaluation  of  Silicon  Carbide  (750X) 


Ultrasonic  Machining 


It  has  been  reported  C1.2*3.4)  that  work  was  in  progress  directed  toward 
ultrasonic  machining  of  airfoil  shaped  blades.  Successful  rough  cutting  of 
constant  cross  section  airfoils  by  inward  radial  impact  machining  was  described 
in  a  prior  report  (3) . 

Repeated  attempts  at  side  cutting  the  desired  tapered,  twisted  air  foil 
from  the  rough  form  have  been  unsuccessful;  therefore,  further  effort  toward 
that  goal  has  been  suspended,  and  ultrasonic  machining  work  was  redirected 
toward  disk  final  machining.  Installation  of  a  rebuilt  Cavitron  ultrasonic 
impact  grinding  machine  has  been  completed.  This  machine,  converted  from  a 
glass  processing  production  facility,  consists  of  two  horizontally-mounted 
1000  watt  transducers.  The  tool  is  motor  driven  into  the  workpiece  and 
constant  pressure  is  controlled  by  a  magnetic  clutch.  The  workpiece  is 
mounted  on  a  variable  speed  rotary  table.  A  vacuum  system  is  available  on 
this  machine  and  is  connected  to  the  tool  holder,  providing  a  continuous 
slurry  feed  between  the  workpiece  and  tool. 


Ultrasonic  machining  of  the  contoured  hot-pressed  SijNi,  disk  area  has 
been  successfully  performed.  The  forming  of  the  approximate  hub  contour  during 
the  hot  pressing  of  the  hub  and  the  press  bonding  to  form  the  multi-density 
Si^N4  rotor  has  been  described  earlier  in  this  section.  Ultrasonic  contour 
finish  machining  is  being  employed  to  achieve  the  required  dimensional  tolerances. 
A  ceramic  rotor,  with  a  rubber  protective  material  cast  around  the  blades,  and 
mounted  on  the  Cavitron  is  shown  in  Figure  3.19.  The  disk  contour  tool  is 
shown  in  the  retracted  position.  The  tools  used  in  disk  contouring  are  cold 
rolled  steel.  A  320  grit  Norbide  slurry  is  used  in  machining  the  disk 
contours.  In  addition  to  disk  contouring,  the  Cavitron  is  used  for  core 
drilling  and  machining  the  counterbores  prior  to  curvic  coupling  grinding. 

The  centerbore  is  subsequently  diamond  ground  to  achieve  the  close  tolerances 


Figure  3.19  Silicon  Nitride  Rotor  Mounted  in  Ultrasonic  Grinding 
Machine 
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required.  Thus  far,  six  triple  density  Si3N4  rotors  have  been  ultrasonically 
machined  (see  Figure  3.16). 

Georgia  Institute  of  Technology  Precision  Cast  Program 

An  effort  has  been  initiated  at  the  Georgia  Tech  Experiment  Station 
directed  at  the  development  of  investment  casting  techniques  for  forming 
precision  cast  ceramic  shapes.  Initial  experiments  indicate  that  a  porous 
ceramic  mold  may  be  formed  into  which  a  silicon  metal  powder  shape  may  be 
slip  cast.  By  proper  control  of  the  mold  composition,  porosity,  and 
strength,  nitridation  of  the  shape  within  the  mold  is  possible.  Removal  of 
the  mold  from  the  shape  can  be  accomplished  at  several  stages  of  nitridation 
depending  upon  tr.e  relative  properties  of  the  mold/shape  system. 

Experiments  to  date  have  been  limited  to  test  bars  and  simple  shapes; 
however,  the  process  will  be  evaluated  using  simulated  airfoil  shapes  and. 
complete  rotor  assemblies  early  in  1974. 


3.1.3  TESTING 


Introduction 


The  new  turbine  rotor  test  rig  is  undergoing  shakedown  evaluations  in 
preparation  for  initial  testing  of  ceramic  rotors.  Cold  testing  to  design 
speed  and  some  hot  testing  utilizing  metal  rotors  have  been  completed  during 
this  reporting  period.  Spin  testing  of  ceramic  rotors  is  continuing  and 
eight  duo-density  and  five  triple  density  rotors  were  evaluated  by  spinning 
to  destruction. 

A  test  program  has  been  initiated  to  evaluate  the  thermal  shock 
characteristics  of  ceramic  rotors  using  the  thermal  shock  test  rig.  A 
cyclic  temperature  profile  was  used  to  simulate  engine  transient  thermal 
conditions.  Analytical  studies  have  been  initiated  to  investigate  the 
thermal  stresses  in  the  blade. 


Turbine  Rotor  Te^1-  Rig 

Shakedown  evaluation  of  the  turbine  rotor  test  rig  (TRTR)  was  continued 
with  metal  turbine  rotors.  Final  cold  testing  at  100%  engine  speed  has  been 
completed  and  hot  testing  has  progressed  to  56%  speed  and  a  turbine  inlet 
temperature  of  1800^.  A  labyrinth  seal  rub  occurred  at  this  point  necessi¬ 
tating  teardown  and  inspection  of  the  rig.  Build-up  of  the  rig  with  new 
hardware  will  begin  upon  completion  of  the  failure  analysis  of  the  labyrinth 
seal.  When  this  testing  is  completed,  the  TRTR  will  be  used  to  accomplish  the 
following  objectives: 

1)  Testing  of  ceramic  turbine  rotors  at  various  speeds  up  to  64,240  rpm 

at  various  turbine  inlet  temperatures  up  to  2500  F. 

2)  Establishment  of  endurance  levels  of  ceramic  turbine  rotor  materials 
at  various  speeds  and  temperatures,  and 

3)  Testing  of  other  ceramic  components  without  the  need  for  a  complete 
turbine  engine.  The  previous  report  shows  the  TRTR  in  its  current 
configuration  as  installed  in  the  test  facility. 

The  test  rig  should  be  ready  to  accept  ceramic  turbine  rotors  when  they 
become  available.  Testing  of  these  rotors  will  be  done  in  the  TRTR  prior  to 
their  approval  for  use  in  a  turbine  engine. 

Ceramic  Rotor  Cold  Spin  Testing 

The  equipment  and  test  procedures  used  for  spin  testing  of  cer.mic  turbine 
rotors  have  been  shown  in  previous  reports  (2,1+).  Ceramic  rotors  are  spin 
tested  at  room  temperature,  in  a  partial  vacuum,  and  at  gradually  increasing 
speed  until  destruction  occurs. 

Eight  duo  density  rotors  which  consisted  of  silicon  nitride  injection 
molded  blade  rings  bonded  to  hot-pressed  Si3N4  slab-sided  hubs  were  sp^n  tested 
to  destruction  with  failures  occurring  in  the  range  of  20,000  to  50,300  rpm 
(up  to  78%  of  design  speed) .  Each  specimen  exhibited  some  degree  of  defect 
such  as  voids  in  the  blades,  regions  of  low  material  density,  or  unbonded 
areas  located  in  the  press  bonded  joint  between  the  blade  ring  and  hub. 
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Five  triple  density  rotors  which  consisted  of  an  injection  molded  Si3N4 
blade  ring  with  a  slip  cast  Si3N4  insert  to  provide  a  thicker  rim  (see 
Section  3.1.2  for  more  details),  were  press  bonded  to  a  hot  pressed 
Si3N4  slab  sided  hub.  Failure  of  these  rotors  occurred  in  the  range 
36,000  to  55,070  rpm  or  up  to  86%  speed.  Most  specimens  exhibited 
similar  flaws  as  mentioned  earlier  or  a  poor  bond  between  the  molded 
and  slip  cast  rings.  Figure  3.20  is  a  photograph  of  a  triple-density 
rotor  at  the  moment  of  failure  at  55,070  rpm.  No  apparent  defect  was 
detected  in  the  single  blade  that  failed  first. 


During  the  manufacture  of  rotors  for  cold  spin  testing,  various 
techniques  are  being  employed  to  improve  the  materials  and  the  bonding, 
including  molding  of  blade  rings  of  higher  density.  Both  duo  and  triple 
density  rotors  of  improved  and  more  consistent  quality  are  now  being 
processed  incorporating  the  contoured  hot  pressed  hub.  These  rotors  will 
be  spun  at  room  temperature  to  a  predetermined  qualifying  speed  prior  to 
use  in  the  hot  spin  rig  and  ultimately  in  the  turbine  engine. 


Thermal  Shock  Testing  of  Rotor  Blades 


The  first  and  second  stage  rotor  blades  are  subjected  to  severe  thermal 
shock  in  engine  and  turbine  rotor  test  rig  operation,  caused  by  rapid  heating 
and  cooling  of  the  blade  during  start  up  and  shutdown.  In  order  to  obtain  a 


Triple-Density  Rotor  at  Point  of  Failure  (55,070  rpm) 
During  Spin  Testing 


Figure  3.20 


preliminary  indication  of  thermal  shock  problems  that  may  be  encountered  in 
the  initial  hot  testing  of  ceramic  rotors,  a  test  program  was  initiated  using 
the  thermal  shock  test  rig.  The  thermal  shock  test  rig  has  been  previously 
described  (3> . 

The  test  rig  is  used  to  subject  a  blade  to  a  controlled  cycle  of  heating 
and  cooling,  simulating  the  upshock  caused  by  engine  starting  and  downshock 
caused  by  engine  shutdown.  The  thermal  cycle  chosen  for  this  test  is  shown 
in  Figure  3.21  and  is  the  same  as  the  time -temperature  profile  used  for  thermal 
shock  rig  testing  of  the  first  stage  stator  vanes. 


The  first  stage  rotor  blades  should  actually  experience  a  less  severe 
thermal  cycle,  but  this  cycle  was  chosen  as  a  conservative  evaluation. 
Analytical  work  is  in  progress  to  calculate  the  actual  thermal  stresses  m 
the  rotor  blade  (see  Section  3.1.1). 


The  components  chosen  for  testing  were  all  sectioned  from  triple-density 
rotors,  and  were  evaluated  after  the  press-bonding  assembly  operation.  The 
first  250  cycles  of  testing  were  conducted  at  a  blade  temperature  2100  F.  This 
cycle  was  used  initially  because  it  simulates  the  operating  conditions  the 
rotors  will  be  subjected  to  in  the  preliminary  testing  in  the  turbine  rotor 
test  rig.  After  250  cycles,  when  no  visible  evidence  of  failure  was  observed, 
the  thermal  cycle  was  increased  to  that  shown  in  Figure  3.21.  The  results  of 
this  thermal  shock  testing  are  shown  in  Table  3.3. _  Six  blades  were  tested  and 
the  numbers  correspond  to  the  positions  they  occupied  on  the  tabl'j  of  the 
thermal  shock  rig.  At  a  total  of  308  cycles,  or  58  cycles  into  the  more  severe 
thermal  cycle  of  Figure  3.21,  the  first  crack  appeared  m  the  blade  at  position 
2.  From  308  cycles  on,  cracks  continued  to  appear  and  propagate  until  at  2488 
cycles,  when  the  test  was  terminated,  all  the  blades  had  cracked  or  failed. 

This  test  is  a  preliminary  test  and  was  done  to  determine  if  there  were  any 

TEMPERATURE  OF  FLAME  =  3000°F 
QUENCH  AIR  =  130  CFH 
POINT  AT  M10SPAN  LEAOINS  EOGE 
THIS  CURVE  IS  AN  AVERAGE  OF  3  RUNS 


TEMPERATURE 

(°F) 
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immediate  thermal  shock  problems  that  would  cause  problems  in  the  initial 
turbine  rotor  test  rig  testing.  Further  testing  is  planned.  When  analytical 
results  are  available  the  rotor  blades  will  be  tested  to  the  calculated  thermal 
cycle.  It  should  also  be  noted  that  these  blades  are  of  developmental  quality 
and  may  not  be  representative  of  the  blades  that  will  be  used  in  the  turbine 
test  rig  and  the  engine.  There  is  also  a  strong  possibility  that  the  blades 
were  damaged  or  degraded  during  the  press-bonding  operation.  The  effect  of 
press  bonding  upon  properties  of  the  injection  molded  material  will  be  evalu¬ 
ated  in  the  future. 


TABLE  3.3 


THERMAL  SHOCK  TEST  RESULTS  FOR  INJECTION 
MOLDED  SILICON  NITRIDE  ROTOR  BLADES  WHICH  WERE 
SECTIONED  FROM  TRIPLE  DENSITY  ROTORS 


Position  on  Rig 

Cycles 

Description  If  Damage  Occurred 

2 

308 

Midspan  Crack 

1 

730 

Root  Crack 

7 

730 

Root  Crack 

1 

1090 

Root  Failure 

6 

1090 

Midspan  Crack 

7 

1090 

Root  Failure 

8 

1090 

Midspan  Crack 

2 

2488 

Midspan  Failure 

4 

2488 

Tip  Crack 

6 

2488 

Midspan  Crack  Growth 

8 

2488 

Root  Failure 

Test  Rig  Conditions: 

_ _ o_  . 

Flame  Temperature  of  3000°F,  Blade  Temperature  of  2250°F  At 
Midspan  Leading  Edge,  Cycle  Time  of  45  Sec.  In  Flame,  Cooling 
Air  Flow  Of  130  C.F.H. 
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3.2  CERAMIC  STATORS,  ROTOR  SHROUDS  AND  NOSE  CONES 


SUMMARY 


Some  improvement  in  the  quality  of  first  stage  stators  was  achieved 
by  closely  controlling  the  temperature  of  the  vane  molding  tool  during 
fabrication.  These  modifications  resulted  in  the  elimination  of  visual 
defects  in  the  vane  root.  Several  Design  C  first  stage  stators  were 
evaluated  in  the  stator  and  engine  test  rigs.  Failures  during  t.iis  test¬ 
ing  were  attributed  to  a  molding  flaw,  accidental  damage,  and  thermal 
shock.  One  stator  did,  however,  survive  111  hours  and  403  engine  lights. 

Engine  testing  of  second  stage  inverted  channel  stators  showed  that 
axial  cracking  of  the  outer  shroud  remains  a  problem.  A  furnace  test  of 
stator  assemblies  was  developed  in  an  effort  to  screen  defective  parts. 

This  test  duplicated  the  type  of  axial  shroud  crack  experienced  during 
engine  testing. 

Work  was  initiated  on  molding  of  Design  C  first  stage  stators  as  a 
single  unit,  rather  than  as  an  assembly  of  individual  segments.  The 
tool  has  been  designed  and  is  currently  being  manufactured.  The  one  piece 
stator  is  expected  to  eliminate  outer  shroud  failures  which  are  believed 
caused  by  the  notch  effect  of  the  joints  between  individual  segments. 

Stability  testing  of  slip  cast  Si3N4  rotor  shrouds  was  carried  out  to 
450  hours  at  1900°F,  showing  no  stability  problems  exist  with  this  material. 

One  shroud  ring  of  slip  cast  S^N^  was  further  tested  in  the  stator  test  rig 
for  78  hours  without  failure  or  excessive  creep. 

The  incidence  of  internal  molding  voids  associated  with  nose  cone 
failures  has  been  minimized  by  preferentially  heating  the  tool  during  injec¬ 
tion  molding.  Provisions  were  made  to  incorporate  these  modifications 
using  automatic  control  in  future  molding. 

The  ceramic  stator  test  rig  was  fitted  with  a  quartz  window  which  per¬ 
mitted  temperature  measurements  of  various  points  on  the  stator  vanes  under 
operating  conditions.  Correlations  were  established  between  these  temperatures 
and  those  obtained  on  stator  vanes  tested  in  the  thermal  shock  rig  which  showed 
the  vane  heating  rate  was  faster  and  the  vane  cooling  rate  was  slower  in  the 
stator  test  rig.  These  results  will  be  used  to  correlate  actual  vane  tempera¬ 
tures  with  theoretical  values  obtained  from  a  three-dimensional  heat  transfer 
and  stress  analysis  program  currently  under  development. 

As  an  overall  assessment,  the  durability  of  ceramic  stators,  rotor  shrouds, 
and  nose  cones  continues  to  improve  by  means  of  iterative  development  to  uncover 
and  resolve  unanticipated  problems.  It  is  judged  that  the  nose  cone  and  turbine 
shrouds  of  the  latest  design  configuration,  with  anticipated  material  improvements, 
can  meet  the  200  hour  durability  objective.  It  is  also  expected  that  the  planned 
one-piece  first  stage  stator  configuration  will  resolve  the  problem  of  stator 
outer  shroud  failure  and  thereby  pave  the  way  for  the  200  hour  durability  objective. 
When  this  is  confirmed,  serious  consideration  will  be  giver,  to  a  one-piece  2nd 
stage  stator  even  though  this  would  mean  new  tooling  for  a  completely  new  design 
somewhat  compromising  aerodynamic  efficiency. 
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3.2.1 


MATERIALS  AND  FABRICATION 


Introduction 

The  achievement  of  acceptable  reliability  is  the  main  goal  in  the 
development  of  stators  for  the  vehicular  gas  turbine.  Although  improve¬ 
ments  in  first  stage  vane  design  were  made  which  have  considerably  improved 
tl e  durability  of  this  component  ,  engine  tests  have  revealed  that  some 
parts  last  for  a  considerable  period  of  time  and  others  fail  relatively 
quickly.  Many  of  these  failures  are  caused  by  accidental  breakage  and 
fabrication  defects.  Work  during  this  reporting  period  was  directed  toward 
the  elimination  of  first  stage  stator  vane  root  failures,  and  stator  outer 
shroud  axial  cracking  of  both  stages.  In  this  effort  temperature-controlled 
molding  dies  were  utilized  to  reduce  the  incidence  of  vane  root  cracks  xe 
suiting  from  molding  stresses.  Work  on  the  stator  shroud  axial  cracking 
problem  continued  with  the  development  of  a  furnace  test  which  duplicated  the 
failures  from  the  test  engine  and  established  a  time-temperature  relationship 

for  this  failure. 


Rotor  shroud  furns  :e  testing  was  continued  for  450  hours  duration  and 
the  effect  of  nitriding  aids  on  the  stability  of  S^Ni*  slip  cast  shroud 
rings  was  determined. 

Modifications  were  made  in  tne  molding  procedure  for  nose  cones  to 
eliminate  internal  molding  flaws  believed  instrumental  in  previous  nose 
cone  failures. 


Stator  Fabrication  and  Assembly 

During  this  reporting  period,  work  continued  in  an  effort  to  eliminate 
vane  and  shroud  failures  experienced  in  stator  assemblies  during  engine 
operation. 

Detailed  inspection  and  testing  procedures  have  been  applied  in  an 
effort  to  detect  stator  defects  prior  to  engine  testing.  Hairline  cracks 
were  detected  visually  in  unfired  vane  roots  in  approximately  5 6  of  all 
molded  vanes.  These  cracks  were  attributed  to  stresses  exerted  on  the  vane 
during  molding.  Reduction  of  shrinkage  during  cooling  of  the  molded  part 
in  the  tool  was  achieved  by  controlled  heating  of  the  vane  tool  during 
molding.  The  reduced  shrinkage  eliminated  the  visual  vane  cracks.  Presence 
of  visual  vane  root  cracks  suggested  the  possibility  of  smaller  undetected 
cracks  which  would  later  grow  to  a  critical  size  and  cause  vane  failure 
during  engine  operation.  A  preliminary  correlation  between  crack  shape  and 
location  in  stator  vanes  which  failed  during  engine  testing  and  visual  mol  mg 
cracks  was  established.  Further  engine  testing  will  be  conducted  with  vanes 
molded  in  temperature-controlled  tools.  A  furnace  pre-test  and  more  ngi 
post-firing  inspection  is  expected  to  further  reduce  the  incidence  of  undetected 

vane  root  cracks. 

Attempts  to  improve  the  thermal  shock  resistance  of  Design  C  second  stage 
stator  vanes  through  design  modification  has  to  date  been  unsuccessful.  These 
vanes  were  evaluated  on  the  thermal  shock  test  rig,  and  proved  to  be  slightly 
easier  to  crack  than  Design  B  vanes.  Reduction  of  the  inner  shroud  thickness 
and  cutting  back  the  vane  cord  width  failed  to  improve  performance  of  the  vane 
on  the  thermal  shock  test  rig.  Until  improvements  can  be  made,  engine  testing 
will  be  continued  with  Design  B  second  stage  stators. 
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Work  is  in  progress  to  make  possible  the  molding  of  first  stage  Design  C 
stators  as  a  single  unit.  A  one  shot  molded  stator  will  eliminate  the  notch 
effect  of  individual  segment  joints  currently  believed  responsible  for  outer 
shroud  failures.  A  molding  tool  for  one  shot  axial  draw  molding  of  the  entire 
stator  was  designed  and  is  scheduled  for  delivery  during  the  first  quarter 
of  1974.  As  noted  in  the  previous  report  (4)  the  inverted  channel  design 
improved  the  engine  life  of  the  second  stage  stator  assembly  shown  in  Figure 
3.22;  however,  axial  cracking  of  the  outer  shroud  was  still  present. 


Figure  3.22  Second  Stage  Inverted  Channel  Stator  Assembly 


A  furnace  test  was  initiated  to  facilitate  screening  all  fully  assembled 
inverted  channel  stators  before  release  for  engine  testing.  The  pre-test 
consisted  of  soaking  the  assemblies  in  an  air-atmosphere  furnace  at  1900  F, 
for  50  hour  increments,  for  a  total  of  200  hours.  After  each  50  hour  increment 
the  assemblies  were  fully  inspected. 

Testing  results  duplicated  the  axial  cracking  of  the  outer  shroud  ex¬ 
perienced  during  engine  testing.  All  failures  were  time-temperature  dependent. 
Between  75-100  hours  at  1900  F  an  axial  crack  propogates  and  grows  to  1/8  ••  1/4 
inch  in  length.  Increasing  the  time  at  temperature  produces  a  fine  network  of 
cracks  in  the  slip  cast  outer  shroud  and  in  the  platform  region  of  the  stator. 

These  test  results  indicate  a  material  instability  problem  and/or  an 
incompatibility  between  the  injection  molded  biades  and  the  slip  cast  outer 
ring.  Tests  are  underway  to  identify  the  causes  of  this  problem. 

Nose  Cone  Development 

Molding  modifications  have  been  made  in  order  to  eliminate  the  internal 
molding  flaws  believed  responsible  for  some  nose  cone  failures.  The  previous 
report  (4)  describes  typical  axial  and  circumferential  cracking  which  was 
encountered  during  nose  cone  testing.  Various  design  modifications  were  also 
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described 
nose  cone 


consisting  of  section  thickness  reductions 

nose  cone  outer  shromL  “flaws'  in  th°Cnose"cone  as  shown  in  Figure  3.23. 
machining  exposed  intern.  rooline  shrinkage  of  the  ceramic  material 

The  flaws  were  mainly  caused  hy  uneven  coo  ling  ^  using  a  hand-held 

in  the  tool.  Selective  heating  °  shrinkage  '  This  technique  was  successful 
heat  gun  in  an  attempt  to  minim  .  ceramic  molding  composition,  thereby 

in  controlling  the  solidificat  isions  have  been  made  to  electrically 

helfm^HUcar^lionrof  the  die,  using  automatic  control,  for  future 
molding  runs. 


Figure  3.23  Nose  Cone  Illustrating  Molding  Flaws 


Rotor  Shroud  Development 


Rotor  shroud  rings,  shown  in  Figure  J  24.  are  located  S  As 

fro.  each  stator  stage  in  the  cLt  reaction 

r.d«s  -?  *  has 

experienced  due  to  changing  dimensions  during  operation 

Shroud  rings  containing  additives  of  »  a*»  FegO,  -^nitriding  aids 
we-e  bench  tested  for  P?™d*h“P1J;°t  rep"“  M  and  consisted  of  furnace 
heMiig'at'lsK  with  an  applied  load  simulating  engine  conditions. 

Results  of  testing  during  this  reporting  period  showed  a  character¬ 
istic  decrease  in  shroud  gap  width. of  0.007  inches  w: it^  ^ 
hours  for  materials  containing  n  -  450  hours  Preliminary  engine 

f”Ki  dTflhis  report,  indicates  improved  perform- 

ancc  of  these  shroud  rings . 

S2 


Figure  3.24 


First  and  Second  Stage  Rotor  Shroud  Rings 


3.2.2  TESTING 


Introduction 

The  inlet  nose  cone  turbine  stators,  and  rotor  tip  shrouds  are 
classified  as  the  hot  gas  flow  path  stationary  components.  These 
components  must  be  developed  to  withstand  thermal  shock  upon  engine 
startups  and  shutdowns,  hot  gas  pressure  loading  and  thermal  stresses 
imposed  by  engine  opera4  :ng  conditions,  and  mechanical  and  vibrator/ 
loads  transmitted  from  the  surrounding  structures. 

During  this  reporting  period,  two  test  rigs  were  used  for  most  of 
the  evaluation  of  these  components.  The  thermal  shock  test  rig  is 
very  useful  because  it  provides  repeatable  and  readily  observable 
thermal  shock  conditions  for  the  evaluation  of  changes  in  stator  vane 
design.  A  ceramic  stator  test  rig  was  also  developed  and  utilized  for 
stationary  component  evaluation.  This  rig  was  a  converted  engine  test 
rig,  and  provided  realistic  engine  conditions.  A  quartz  window  was 
installed  which  permitted  direct  observation  and  temperature  measurement 
of  stator  vanes.  The  inlet  nose  cone  and  rotor  tip  shrouds  were  also 
tested  in  this  rig,  since  they  made  up  the  balance  of  the  ceramic  hot 
flow  path. 

In  addition  to  component  testing  performed  in  these  two  rigs, 
furt.ier  evaluation  was  conducted  in  test  engines. 

Thermal  Shock  Rig  Testing 

During  this  reporting  period,  the  thermal  shock  test  rig  and 
Ircon  pyrometer  installation  previously  described  i  J  were  utilized  to 
determine  both  heating  and  cooling  thermal  response  behavior  of  Design  C 
first  stage  stator  vanes.  Figure  3.25  is  a  schematic  diagram  of  the 
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Figure  3.25 


Thermal  Shock  Test  Rig  Schematic 


test  rig  and  the  temperature  measurement  and  data  acquisition  system. 

The  stator  vanes  evaluated  were  injection-molded  reaction-sintered 
silicon  nitride. 

Heating  and  cooling  rates  were  measured  at  various  locations  on  the 
stator  vane.  Representative  curves  for  six  points  are  shown  in  Figures 
3.2b  and  3.27.  The  sketch  of  a  vane  shows  the  point  locations  for  each 
curve;  temperatures  were  measured  on  a  1/16  inch  diameter  spot  by  the 
pyrometer.  The  triangles  represent  the  maximum  temperature  change  over 
a  one  second  interval  for  each  point. 

The  curves  show  that  the  thermal  shock  rig  heated  vanes  at  a  slower 
rate  than  did  the  ceramic  stator  test  rig.  Cooling  rates  were  faster  on 
the  thermal  shock  rig  in  comparison  to  the  ceramic  stator  test  rig.  Curves 
of  heating  and  cooling  rates  measured  in  the  stator  test  rig  are  presented 
later  in  this  section. 

The  oredicted  failure  mode  for  stator  vanes  was  tensile  failure  at 
the  trailing  edge  on  downshock.  It  was  found  by  increasing  the  severity 
of  the  test  that  a  cooling  rate  of  more  than  800°F/sec.  at  the  midspan 
trailing  edge  was  required  to  fail  a  Design  C  first  stage  stator  vane. 

As  shown  in  the  next  section,  this  cooling  rate  is  significantly  greater 
than  that  encountered  in  engine  operation.  Thus,  the  faster  cooling  rate 
of  the  thermal  shock  test  rig  permitted  downshock  testing  unde-  more 
extreme  conditions  than  would  be  expected  during  engine  operation. 
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Figure  3.26  Heating  and  Cooling  Pehavior  of  First  Stage 

Design  C  Stator  Vanes  on  the  Thermal  Shock  Rig 
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Figure  3.27  Heating  and  Cooling  Behavior  For  First  Stage 

Design  C  Stator  Vanes  on  the  Thermal  Shock  Rig 


Ceramic  Stator  Rig  Testing 

In  order  to  evaluate  the  thermal  response  of  the  ceramic  stators 
when  operating  under  realistic  turbine  engine  conditions,  an  engine  test 
rig  was  fitted  with  a  quartz  window  in  the  combustor  assembly.  Trus 
window  permitted  viewing  of  the  first  stage  stator  vanes  from  outside  the 
engine,  and  this  rig  was  designated  as  the  ceramic  stator  test  rig..  A 
schematic  of  the  combustor  and  stator  portion  of  this  rig  is  shown  m 
Figure  3.28.  The  same  Ircon  pyrometer  that  was  used  on  the  thermal  shock 
test  rig  just  described  was  also  used  on  this  rig. 

Before  using  this  pyrometer  to  measure  vane  temperatures,  the  system 
was  calibrated  by  comparing  its  output  to  that  from  a  chromel-alumel 
thermocouple  whose  location  is  shown  in  Figure  3.28.  The  pyrometer  was 
sighted  on  the  thermocouple  head  during  a  number  of  cycles  of  rig  operation. 
The  calibration  data,  shown  in  Figure  3.29  indicated  that  t.ie  infrared 
pyrometer  was  accurate  except  for  the  first  few  seconds  after  light  off 
when  a  high-intensity  flame  obscured  the  target.  Tlie  thermal  response  of 
the  same  points  on  the  vane  as  were  measured  on  the  thermal  shock  test  rig 
were  then  determined  and  are  shown  in  Figures  3.30  and  3.31. 


The  thermal  response  data  obtained  in  this  study  will  be  us^d  to 
correlate  actual  vane  temperatures  to  the  theoretical  values  obtained  from 
a  three-dimensional  heat  transfer  and  stress  analysis  computer  program 
presently  being  developed. 
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Figure  3.28  Ceramic  Stator  Test  Rig  Schematic 


CHROMEL  ALUMEL  THERMOCOUPLE  OUTPUT  IN  MILLIVOLTS 

Figure  3.29  Infrared  Pyrometer  Calibration  Curve  For  The 
Ceramic  Stator  Test  Rig 
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Figure  3.30 


Heating  and  Cooling  Behavior  of  First  Stage 
Design  C  Stator  Vanes  in  the  Stator  Test  Rig 
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Heating  and  Cooling  Behavior  of  First  Stage 
Design  C  Stator  Vanes  in  the  Stator  Test  Rig 
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The  ceramic  stators,  shrouds  and  nose  cones  were  qualified  in  an  engine 
test  rig  prior  to  incorporation  in  a  complete  engine  for  continued  testing 
and  development. 

Component  qualification  consisted  of  the  following: 

(1)  25  static  light  cycles 

(2)  3  hours  of  static  testing,  and 

(3)  25  hours  of  dynamic  testing 

Testing  without  rotors  was  referred  to  as  static  testing  whereas 
testing  with  rotors  was  referred  to  as  dynamic  testing.  The  various  test 
conditions  under  which  the  ceramic  stators,  nose  cones,  and  shrouds  were 
qualified  were  as  follows: 

.Static  Light  Cycle  -  sequence  of  (1)  lightoff  and  acceleration  to 
55%  speed,  and  (2)  shutdown  (zero  fuel)  and  speed  reduction  back 
to  lightoff  condition.  This  condition  is  held  until  the  tarbine 
inlet  temperature  falls  to  500  F  whereupon  the  sequence  is  repeated 
for  the  desired  number  of  cycles.  One  of  these  cycles  is  termed 
the  one  light  test. 

.Static  Testing  -  55%  engineospeed  with  turbine  inlet 
temperature  limited  to  1900  F. 

.Dynamic  Testing  -  60%  speed  with  turbine  inlet  temperature 
limited  to  2000°F . 

The  evaluation  of  Design  B  and  C  nose  cones,  stators  and  shrouds 

was  accomplished  in  engine  test  rigs,  and  the  results  are  summarized 

in  Table  3.4  which  gives  the  total  time  on  all  components  which  under¬ 
went  any  testing  during  this  reporting  period.  Most  of  the  components 
listed  were  manufactured  from  reaction-sintered  silicon  nitride  except 
those  with  the  superscript  .4  which  were  made  from  lithium-aluminum-silicate. 

The  evaluation  of  eight  Design  C  first  stage  stators  resulted  in  a 

total  of  seven  vane  failures  occurring  with  five  of  these  stators.  One  of 

these  vane  failures  was  caused  by  impact  from  foreign  matter  in  the  flow 
path  and  another  one  was  caused  by  a  large  flaw  in  the  vane.  The  remain¬ 
ing  five  vane  failures  were  due  to  thermal  shock.  The  three  remaining  first 
stage  stators  failed  due  to  improper  assembly  or  by  rough  handling,  lowever, 
one  stator  did  sur1  ive  111  hours  of  testing  and  another  lasted  for  403  lights 
before  both  were  damaged  by  other  causes. 

As  shown  in  Table  3.4,  one  inverted  channel  first  stage  stator  was 
tested.  This  stator  was  the  first  of  its  type  and  had  many  vane  failures. 
These  failures  may  have  been  caused  by  poor  assembly  of  the  stator.  More 
tests  will  be  required  to  properly  identify  the  problem. 

The  evaluation  of  eight  inverted  channel  design  second  stage  stators 
resulted  in  six  failures.  Two  of  these  stators  had  vane  failures  due  to 
molding  defects.  The  remaining  four  failures  were  due  to  cracks  in  the 
outer  shroud. 
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As  was  mentioned  in  the  last  report  (4)  the  first  and  second  stage  silicon 
nitride  rotor  shrouds  were  creeping  under  hot  running  conditions.  Ihis 
problem  was  investigated,  and  the  nitriding  agent  used  in  these  slip  cast 
parts  was  changed  (see  Section  3.2.1  of  this  report).  One  shroud  of  this 
modified  material  has  undergone  78  hours  of  hot  rig  testing  and  is  sti 
serviceable.  Further  testing  is  presently  underway. 

As  discussed  in  the  last  report  (4)  the  modified  "scalloped"  nose  cones 
still  dev- 1  oped  axial  cracks  in  the  outer  shroud.  These  cracks  were  believed 
to  be  caused  by  thermal  stress  due  to  different  heating  and  cooling  rates  o 
the  struts  and  shroud  during  transient  engine  operation.  In  order  to  alleviate 
this  condition  and  to  prevent  the  occurrence  of  dangerous  circumferential  _ 
cracks  the  outer  shroud  was  cut  axially  in  three  places.  This  nose  cone  is 
termed  Design  C.  Five  nose  cones  of  this  configuration  were  evaluated  and 
two  failed.  One  of  these  failures  was  caused  by  improper  assembly  of  adjoin¬ 
ing  parts  and  the  other  may  have  been  caused  by  foreign  material  lodging  m  a 
slot.  One  nose  cone  of  this  design  lias  undergone  88  hours  of  testing  an 
another  one  411  lights  and  both  are  still  uncracked.  Although  these  results 
have  not  yet  proven  that  this  design  modification  has  completely  solved  the 
cracking  problem,  they  do  show  that  this  nose  cone  design  is  significantly 
better  than  the  Design  B  nose  cone. 


4.0  PROGRESS  ON  THE  STATONARY  TURBINE  PROJECT 
4.1  STATOR  VANE  DEVELOPMENT 


SUMMARY 

Design  studies  for  the  modification  of  the  advanced  turbine  test 
and  demonstration  have  been  initiated.  Gas  path  temperatures  have  been 
calculated  and  used  to  define  the  cooling  requirements  for  the  first 
stage  metal  rotor,  the  second  stage  metal  stator.-.,  and  the  second  stage 
metal  rotor.  Only  the  first  stage  turbine  rotor  blade  must  be  redesigned. 

All  other  components  can  be  modified  to  meet  the  hightr  temperature 
requirement. 

Silicon  nitride  stator  vane  assemblies  manufactured  b^  the  i  ^rton 
Company  were  tested  successfully  in  the  static  rig  at  2200  F  under  cyclic 
conditions  at  pressure  ratios  up  to  8:1.  Cracks  were  observed  in  four  of 
eight  airfoils  and  two  outer  end  caps.  Failure  resulted  from  areas  of 
local  stress  concentration  caused  by  edge  loading.  All  of  the  LAS  insulators 
were  cracked  badly  at  the  conclusion  of  testing. 

The  static  rig  is  being  modified  for  operation  at  a  peak  temperature  of 
2500°F.  Silicon  carbide  stator  vane  assemblies  have  been  delivered  and  will  be 
tested  with  additional  silicon  nitride  vane  assemblies  at  2500  F.  The  test 
configuration  will  contain  eight  vane  .  ?semblies.  At  least  two  will  be  gilicon 
nitride  components  (2  airfoils  and  4  end  caps)  previously  tested  to  2200  F. 

An  assessment  of  the  current  status  of  stator  vane  development  indicates 
that  the  three-piece  vane  assembly  proved  to  be  a  valid  design  concept  for 
the  use  of  brittle  materials  in  large  stationary  gas  turbines,  although  the 
results  of  the  2200°F  static  rig  tests  demonstrated  the  criticality  of  design 
tolerances  in  component  manufacture.  The  tests  failed  to  disclose  any  per¬ 
formance  limiting  characteristics  in  Norton  HS-130  silicon  nitride  vane  material. 
Design  '-hanges  are  anticipated  to  reflect  the  results  of  subsequent  static  rig 
tests  at  2500  T  and  to  improve  the  aerodynamic  qualities  of  S  3N4  and  SiC  vanes 
for  the  advanced  turbine  test.  The  cracking  of  the  LAS  insulators  indicates 
the  need  for  design  review  and  additional  material  study  in  .his  area.  Strong 
emphasis  is  now  being  placed  on  design  of  the  modification  of  the  30  MW  frame 
size  turbine  to  be  used  for  the  ceramic  vane  demonstration  of  a  peak  temperature 
of  2500°F.  The  redesigned  first  stage  rotor  blade  represents  the  major  long 
lead  item  in  the  procurement  of  metal  hot  section  components. 
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4.1.1  DESIGN  AND  ANALYSIS 
Introduction 

A  three-piece  ceramic  stator  vane  assembly  is  currently  being 
evaluated  for  application  in  an  advanced  stationary  gas  turbine.  The  use 
of  silicon  nitride  or  silicon  carbide  stator  vanes  is  intended  to 
increase  the  service  temperature  from  1955°F  to  a  peak  of  2500  F  without 
having  to  cool  the  first  stage  stator  row. 

The  large  size  of  the  Westinghouse  turbine  pennits  a  design  which 
is  better  suited  to  brittle  materials  than  the  more  conventional  geometry 
in  which  the  airfoil  is  integral  with  the  shrouds.  The  3-piece  vane 
assembly  eliminates  stresses  that  normally  result  from  abrupt  changes  in 
section  and  it  provides  for  relative  adjustment  of  the  parts  under  thermal 
and  mechanical  forces.  Separate  pieces  of  simpler  geometry  are  also 
easier  to  fabricate  from  presently  available  Si3^4  and  SiC  billet 
materials . 

Now  that  ceramic  stator  vane  assemblies  have  been  tested  successfully 
in  a  static  rig  under  cyclic  conditions  to  a  peak  temperature  of  2200  F 
(ref.  section  4.12  of  this  report),  the  design  effort  has  been  expanded 
to  establish  the  rotor  and  stator  systems  for  the  advanced  turbine  test 
facility.  Some  modification  of  the  static  rig  component  geometry  is 
required  in  order  to  incorporate  ceramic  stator  vanes  into  the  full  first 
stage  stator  row  of  an  existing  W-251  test  turbine  (Fig.  4.1).  The  remainder 
of  the  test  turbine's  power  section  and  exhaust  system  must  also  bo 
upgraded  for  2500°F  operation. 


The  Rotating  Test  Turbine 


Before  actual  hardware  can  be  designed  or  modified  for  use  in 
the  rotating  test  turbine,  it  is  necessary  to  predict  temperatures  along 
the  proposed  gas  path  in  an  effort  to  determine  appropriate  turbine 
conditions.  Typical  results  of  such  computer  calculations  appear  in 
Fig.  4.2  for  an  average  turbine  inlet  temperature  (TIT)  of  2300  F  using 
the  current  W-251  test  turbine  as  the  model.  Here  a  peak  temperature  of 
2400°F  in  the  gas  temperature  profile  occurs  at  60%  of  the  vane  height 
for  a  first  row  stator  location.  An  average  turbine  inlet  temperature 
between  2300  and  2350°F  is  expected  to  produce  the  required  peak  temperature 
of  2500°F  in  the  first  row  ceramic  vanes  of  the  advanced  test  turbine. 

Any  increase  in  turbine  inlet  temperature  represents  a  proportional 
increase  in  temperature  at  any  blade  or  vane  position  downstream  in  the 
power  section.  Peaks  in  the  gas  temperature  profiles  will  be  correspondingly 
sharper.  The  cooling  requirements  for  the  first  stage  rotor  blades  (Fig.  4.3) 
and  the  second  stage  stator  vanes  (Fig.  4.4)  were  estimated  from  the  gas 
temperature  data.  Cooling  flow  comparisons  are  presented  in  Fig.  4.5. 


A  critical  review  indicates  that  most  of  the  hot  section  components 
of  the  existing  machine  can  be  modified  for  use  in  the  high  temperature 
turbine.  Only  the  first  stage  superalloy  rotor  blades  must  be  redesigned 
to  incorporate  advanced  cooling  concepts.  An  investment  cast  structure 
is  currently  being  designed  to  use  impingement -convection  cooling  within 
the  present  blade  envelope.  The  cooling  air  will  be  supplied  through 
the  blade  root  in  the  same  manner  as  the  existing  blade.  The  air 
supply  system  and  disc  will  be  similar  to  the  present  arrangement  with 
some  modification.  Cooling  is  required  in  the  cavity  between  the  first 
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Hours  to  Rupture 


Figure  4.4  Row  Two  Vane  Cooling  Requirements 


Emphasis  is  being  placed  upon  the  first  stage  blade  design  because 
it  represents  the  only  long  lead  time  item  in  the  procurement  of  metal 
hot  section  component  parts. 
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Figure  4.5  A  Comparison  of  Cooling  Flow  Requirements  at  1950°F  and 
2300°F  Turbine  Inlet  Temperatures 


Preliminary  layouts  have  been  completed  for  the  ceramic  vane 
assembly  for  the  rotating  rig  test.  Except  for  mounting  and  installation, 
the  insulators,  seals  and  metal  support  system  will  be  similar  to 
those  employed  in  the  static  rig.  The  total  configuration  will  contain 
a  full  compliment  of  80  vanes. 

The  majority  of  the  vane  assemblies  to  be  Tested  in  the  full 
turbine  test  will  be  similar  to  the  first  generation  design  which  was 
tested  in  the  static  rig.  A  tapered,  twisted  airfoil  will  be  used  to 
property  orient  the  air  flow  entering  the  first  rotating  stage,  however. 

The  end  cap  ^avity  will  be  reduced  approximately  25%  and  the  ai^oii  tenon 
geometry  will  be  redesigned  to  minimize  the  aerodynamic  inadequacies  inherent 
in  the  use  of  a  large  symmetric  cavity  and  the  exaggerated  trailing  edge 
relief,  respectively.  The  curvature  at  the  end  cap-insulator  interface 
will  be  increased  to  insure  proper  location  regardless  of  the  friction 
characteristics  at  the  interface. 

A  limited  number  of  second  generation  design  stator  vane  assemblies 
(8-10) (4)  will  be  tested  in  the  turbine  if  their  performance  in  subsequent 
static  rig  tests  proves  satisfactory.  The  second  generation  design 
differs  from  the  first  in  that  the  airfoil  tenon  is  formed  to  fill  the 
end  cap  cavity  completely.  The  need  for  specific  trailing  edge  relief 
is  eliminated  by  making  the  major  radius  of  the  airfoil  tenon  equal  to 
half  the  chord  at  the  airfoil  extremities.  Unfortunately,  tnis  particular 
configuration  has  proven  difficult  and  expensive  to  machine  from  billet 
material.  Since  the  tenons  extend  beyond  the  airfoil  envelope  in  the 
transverse  plane,  the  airfoil  must  be  blended  to  form  the  tenon  by  means 
of  a  fillet  radius.  Fixturing  becomes  a  problem  and  three  dimensional 
diamond  grinding  must  be  employed  to  remove  excessive  amounts  of  material 
to  form  the  airfoil  itself. 
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4.1.2  STATIC  RIG  TESTING 
Ini  reduction 


The  program  reached  its  first  critical  milestone  with  the  completion 
of  the  first  phase  of  static  rig  testing  at  2200°F.  A  cascade  of  eight 
prototype  silicon  nitride  vanes  successfully  survived  the  100  start-up 
and  shut-down  cycles  selected  to  simulate  peaxing  service  in  power 
generation.  Typical  turbine  operation  includes  cold  start,  acceleration 
to  idle,  load  increase  to  peak  power,  power  generation  and  scheduled 
shut-down.  Occasionally,  emergency  shut-downs  or  fuel  trip-outs  occur. 
Under  these  conditions,  the  fuel  supply  is  interrupted  causing  the  turbine 
to  coast  to  a  stop.  Severe  transient  thermal  stresses  are  imposed  as 
the  compressor  continues  to  discharge  unheated  air  to  the  hot  section. 

The  test  conditions  matched  the  service  sequence  in  all  practical 
aspects.  After  ignition,  temperatures  were  increased  repetitiously 
from  idle  (1200°F)  to  peak  (2200°F)  following  each  controlled  reduction 
to  idle.  Two  full-flow  flameouts  were  imposed;  one  at  50%  simulation, 
the  other  at  80%.  Percent  simulation  is  used  to  compare  the  test  condition 
with  that  of  an  actual  turbine  based  on  pressure  ratio.  Static  rig  tests 
were  conducted  at  pressure  ratios  of  3:1  (30%),  5:1  (50%)  and  8:1  (80%). 

The  Static  Rig 

A  plane  view  of  the  static  test  rig  is  given  in  Fig.  4.6.  This 
facility  was  designed  and  constructed  specifically  to  create  an  environment 
identical  to  that  of  a  gas  turbine.  Ceramic  Vane  assemblies  are  tested 
in  their  true  radial  configuration  and  actually  perform  a  gas  turning 
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Figure  4.6 


Schematic  of  Static  Rig  for  2200°F  Test  of  Ceramic  Vanes 
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function.  Scale-up  problems  are  eliminated  by  employing  full  size 
combustor  hardware  and  fuel  nozzle  assemblies.  Internal  flow  baffles 
are  used  to  direct  inlet  air  flow  and  simulate  the  shell  geometry 
that  surrounds  the  combustion  system  in  a  gas  turbine.  A  number  of  sight 
glasses  permit  test  hardware  to  be  observed  under  test. 

The  use  of  a  cooled-wall  combustor  produces  a  temperature-profiled 
gas  stream  which  passes  from  the  transition  piece,  through  the  vane 
segments  in  the  mitered  section,  and  into  a  complex  exhaust  duct  which 
channels  the  gas  to  the  mixer.  The  mixer  section  tends  to  smooth  the 
temperature  profile  of  the  gas  stream  by  turbulence  so  that  hot  gas  of  a 
more  uniform  temperature  is  monitored  by  control  instrumentation.  A 
high  temperature  composite  refractory  material  is  employed  to  insulate  the 
mixer  for  applications  up  to  3900°F.  The  operating  pressure  level  of 
the  rig  is  controlled  by  the  back  pressure  valve  located  dowr  tream  of 
the  measurement  section.  Actual  photographs  of  these  key  components  are 
shown  in  Figs.  4.7  through  4.9. 

Aspirating  thermocouple  rakes  are  inserted  in  the  gas  stream  both 
upstream  (42  thermocouples)  and  downstream  (49  thermocouples)  of  the 
test  assembly.  These  are  used  to  measure  the  temperature  profile  of  the 
gas  stream  and  to  approximate  vane  temperatures.  The  data  are  corroborated 
by  readings  from  a  radiation  pyrometer  focused  mid-height  on  the  pressure 
side  of  the  number  4  vane. 

The  metal  conponents  of  the  vane  assembly,  namely;  shoes,  air 
baffles,  metal  side  vanes,  and  housing  rings  were  instrumented  with 
swaged  metal  thermocouples  to  monitor  the  thermal  response  of  the 
test  assembly.  These  data  are  used  to  verify  heat  transfer  analyses. 


Figure  4.7  Exterior  View  of  Static  Test  Rig 
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Figure  4.8 


Mitered  Section  of  the  Static  Rig  with  Test  Assembly 
Installed 


Figure  4.9 


Existing  laboratory  facilities  accurately  record  air  and  fuel 
flows,  pressures,  and  temperatures.  A  Westinghouse  Veritrak  temperature 
controller  accurately  and  reproducibly  follows  a  prescribed  mode  of 
operation,  by  sensing  and  responding  to  the  uniform  operating  temperature 
of  the  gas,  downstream  of  the  mixer  section,  through  a  system  of  feedback 
loops  and  variable  function  generators. 

The  raw  data,  whether  in  the  transient  or  steady  state  mode,  are 
collected  by  a  rapid  data  acquisition  system.  Various  data  sequencing 
tapes  control  data  retrieval  during  transient  operation  at  acquisition 
rates  of  seven  pieces  of  information  per  second.  Computer  programs  convert 
the  values  directly  into  engineering  units. 

A  rugged  platinum-platinum/rhodium  aspirating  thermocouple,  which 
monitors  the  peak  gas  temperature  in  the  transition  piece,  functions 
to  exclude  extreme  temperature  excursions.  If  the  gas  temperature 
exceeds  2450°F,  fuel  flow  to  the  rig  is  interrupted  automatically. 

The  Test  Assembly 


The  test  section  itself  contained  eight  ceramic  stator  vane 
assemblies  (Norton  HS-130  silicon  nitride)  positioned  between  two  air-cooled 
metal  side  vanes  (X-45  alloy)  which  enclose  the  gas  passage  on  each  side. 

The  ceramic  vane  assemblies  (an  airfoil  seated  in  torroidal  cavities 
between  an  inner  and  an  outer  end  cap)  were  supported  in  pairs  between 
lithium  aluminum  silicate  insulators  (Owen  Illinois  CERVET  C-140),  woven 
metal  cushion  material,  and  Haynes  188  metal  shoes  (Fig.  4.10).  Two  metal 
pivots  support  each  inner  shoe  while  a  single  spring  loaded  plunger  and 
pivot  are  used  at  each  outer  shoe  location.  The  entire  assembly  was 
fastened  between  inner  and  outer  metal  (Type  405  stainless)  housing  ring 
segments.  Suitable  cooling,  seals,  and  air  baffles  were  provided  to  keep 
the  metal  support  system  within  specified  temperature  limits.  The  fully 
irst.rumented  assembly,  as  it  appeared  before  test,  is  illustrated  in 
Fig.  4.11. 
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Figure  4.10  Ceramic  Stator  Var.e  Assembly  for  Static  Pig  Testing 
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Figure  4.11  Instrumented  Test  Assembly  for  the  2200°F  Static  Rig 
Testing  of  Silicon  Nitride  Stator  Vanes 


The  individual  elements  of  each  ceramic  vane  assembly,  i.e.,  the 
airfoils  and  end  caps  as  shown  in  Fig.  4.11,  were  fabricated  by  diamond 
grinding  from  hot-pressed  SijN4  billets.  Unfortunately,  the  vane 
manufacturer  was  not  able  to  meet  all  of  the  tolerances  specified.  The 
end  cap  torroidal  cavities,  in  particular,  were  ground  too  deep,  up  to 
0.020  in.,(4)  causing  an  edge  loading  condition,  in  certain  instances, 
when  the  airfoils  were  combined  with  the  end  caps  under  a  compressive 
spring  load. 

The  2200° F  Test  Cycle 


The  2200°F  static  rig  tests  were  performed  under  cyclic  conditions 
to  emphasize  the  effect  of  transient  operation  as  the  turbine  was 
increased  to  full  power  and  then  shut-down.  No  attempt  was  made  to 
represent  long  periods  at  steady  state  because  stresses  were  calculated 
to  be  too  low  to  influence  vane  performance  significantly.  Since  it 
was  considered  impractical  to  begin  each  cycle  from  a  cold  start, 
the  following  test  sequence  was  adopted: 

(A)  Increase  from  idle  1200°F  (  ;as  temperature  at  the 
vane  location)  to  a  peak  at  2270°F  in  120  seconds. 

(B)  Hold  at  peak  2230°F  for  600  seconds  to  permit  steady 
state  data  retrieval.  Hold  period  was  reduced  to 
180  seconds  during  non-data  taking  runs. 
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(C)  Shut-down  with  a  step  change  in  temperature  to 
2000°F. 

(0)  Hold  at  2000°F  for  45  seconds. 

(E)  Ramp  down  to  idle  1200°F  at  25°F/second. 

(F)  Hold  at  idle  1200°F  for  120-600  seconds  dependin0 
on  the  mode  of  data  retrieval. 

Although  the  silicon  nitride  vane  assemblies  were  subjected  to 
106  cycles  in  all,  the  actual  conditions  varied  from  test  to  test  as 
indicated  in  Fig.  4.12.  The  initial  8  cycles  were  run  at  a  pressure 
ratio  of  3:1  with  shut-down  controlled  at  12 . 5°F/second  (30%  simulation). 
Subsequent  tests  were  performed  at  pressure  ratios  of  3:1,  5:1,  and 
8:1,  respectively.  Two  cycles  were  run  to  represent  full-flow  emergency 
shut-down  at  pressure  ratios  of  5:1  and  8:1,  respectively.  The 
emergency  shut-down  at  the  5:1  pressure  ratio  occurred  accidently; 
the  other  was  planned. 


A  pressure  ratio  of  8:1  is  the  maximum  which  can  be  achieved  in 
the  static  rig  using  the  compressor  facilities  presently  available. 

Since  actual  turbines  are  expected  to  operate  at  pressure  ratios  of  10:1 
and  higher,  the  static  rig  conditions  must  be  scaled  by  simulation 
factors  to  be  truly  representative.  Therefore: 


Simulation  = 


Pressure 

Pressure 


static  rig 
turbine 


Air  flow 
Air  flow 


static  rig 
turbine 


The  Cyclic  History  of  2200°F  Static  Rig  Tests  of  Silicon 
Nitride  Vanes 


Figure  4.12 


The  effect  obviously  influences  the  relative  severity  of  the  test  because 
different  heat  transfer  coefficients  are  involved.  In  order  to  place  t  e 
tests  in  proper  perspective,  the  heat  transfer  coefficients  are  reduced 
effectively  in  proportion  to  the  ratio  of  the  respective  Reynold  s 
numbers  raised  to  the  0.8  power;  specifically,  0.84  x  h  at  80-s  simulation, 
0.57  x  h  at  50%  simulation,  and  0.38  x  h  at  30%  simulation,  where  h 
represents  heat  transfer  coefficients  for  a  machine  operation  at  a 
10:1  pressure  ratio. 


Transient  heat  transfer  and  stress  analyses  were  performed  to. 
determine  the  state  of  stress  in  the  ceramic  airfoils  for  any  particular 
set  of  static  rig  test  conditions.  The  preliminary  two  dimensional 
model  is  presented  in  Fig.  4.13.  By  symmetry,  only  half  of  the  airfoil 
is  considered.  The  boundary  conditions  are  such  that  there  is  no 
displacement  in  the  z-direction  for  all  points  in  the  plane  of  symmetry. 
Rotation  is  prevented  by  putting  constraint  on  two  points  in  the  plane. 


A  three  dimensional  finite  element  plot  for  the  model  with  20  cubic 
elements  is  shown  in  Fig.  4.14.  A  more  refined  element  mesh  was  placed  m 
the  leading  edge  area  of  the  airfoil  in  order  to  calculate  the  high 
stress  gradients  that  occur  in  that  region.  A  modified  model  with  two 
layers  of  cubic  elements  in  the  radial  direction,  a  total  of  40  elements, 
is  being  used  to  check  the  convergence  of  the  stress  solution. 


The  calculated  variations  in  heat  transfer  coefficient  around  the 
airfoil  at  mid-height  is  shown  in  Fig.  4.15.  The  heat  transfer 
coefficients  at  the  end  of  the  airfoil  were  assumed  to  vary  from 
525  BTU/ft^-hr-°F  at  the  leading  edge  to  10  BTU/ft  -hr-  F  on  the  end 
buried  in  the  end  cap  cavity. 


Figure  4  13  Preliminary  Model  for  Two-Dimensional  Iransient  Heat 
Transfer  and  Stress  Analyses  of  Silicon  Nitride  Vanes 
under  Static  Rig  Test  Conditions  at  2200°F  Peak  Temperature 


Figure  4.14 


A  Three-Dimensional  Finite  Element  Plot  for  Heat  Transfer 
and  Stress  Calculations  --  Silicon  Nitride  Vanes 


Under  the  controlled  shut-down  condition  at  25°F/second  (0.8 
simulation),  the  out-of-plane  transient  thermal  stress  reaches  a 
maximum  of  25,000  psi  on  tht  leading  edge  of  the  airfoil  at  mid-height. 
A  maximum  calculated  in-plare  transient  thermal  stress  of  20,000  psi 
occurs  at  the  top  of  the  airfoil.  Maximum  stress  is  developed  after 
24  seconds  at  a  material  temperature  of  1500°F.  The  average  tensile 
strength  of  silicon  nitride  exceeds  50,000  psi  at  this  temperature .  (4) 


The  emergency  shut-down  condition  at  80%  simulation  (Fig.  4.16) 
was  analyzed  also.  Here,  the  maximum  transient  thermal  stresses 
approach  60,000  psi  at  mid-height,  near  the  leading  edge,  about  8  seconds 
after  shut-down  at  a  material  temperature  of  1700°F.  Stress  distributions 
on  the  suction  and  pressure  surf aces  of  the  airfoil  are  plotted  in  Figs.  4.17 
and  4.18,  respectively.  These  results  do  not  predict  vane  failure 
necessarily  since  stress  maxima  are  represented  as  points  on  the  airfoil 
surface.  Stress  distributions  must  be  integrated  over  discrete  areas  or 
volumes  for  direct  comparison  with  tensile  strength  data  before  any 
meaningful  assessment  of  vane  performance  can  be  made. 
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Figure  4.16  Emergency  Shutdown  Ramp  for  Ceramic  Static  Rig  Test  at 
0. 8  Simulation 
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Static  Rig  Test  Results 

The  temperature  profile  of  the  gas  at  the  combustor  exit  was 
determined  by  the  upstream  thermocouple  rake.  Data  for  80%  simulation 
are  compared  with  ceramic  vane  surface  temperatures,  as  measured  by 
radiation  pyrometry,  in  Fig.  4.19.  The  agreement  between  the  gas  stream 
thermocouples  and  the  pyrometer  is  close  enough  to  establish  steady 
state  radial  and  circumferential  gradients  across  the  ceramic  vanes 
from  local  gas  temperature  measurements . 

Optical  Pyrometer  =  2240°F 
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Figure  4.20  is  used  to  compare  the  transient  thermal  response  of 
the  vane  surface  to  that  of  the  local  gas  stream  and  the  gas  stream 
at  the  control  position.  The  average  temperature  at  the  control  position 
is  measured  downstream  where  temperatures  are  lowered  by  mixing  and  by 
an  influx  of  cooling  air  from  the  side  guide  vanes.  The  difference 
in  shutdown  rates  of  the  upstream  gas  measurement  (38. 8°F/second) 
and  the  average  control  temperature  (26. 3°F/second)  is  explained  by 
the  thermal  lag  of  the  insulating  refractories.  The  Veritrak  controller 
compensated  for  the  extraction  of  this  stored  energy  by  a  steeper 
cutback  in  fuel  flow;  i.e.,  faster  ramp  down.  Since  ceramic  vanes 
have  therm?  1  inertia,  they  cool  down  at  about  the  programmed  rate. 

Vanes  at  locations  3  and  4  (Fig.  4.21)  were  observed  through  the 
view  port  during  the  test  program.  At  2230°F  steady  state  operation, 
a  flickering  flame  impinged  upon  the  vane  (possibly  combustion  of 
carbon  monoxide).  The  amount  of  flame  in  the  area  of  the  vanes  increased 
with  pressure  ratio.  At  80%  simulation,  burning  was  almost  continuous 
with  the  leading  edge  of  the  vanes  acting  as  a  flame  holder.  At  30% 
simulation,  the  flame  was  sporadic  and  much  less  concentrated. 

several  cycles  at  80%  simulation,  streaks  and  spots  on 
the  vane  surfaces  increased  in  intensity.  They  changsd  in  size  and 
location  during  a  run,  but  always  appeared  to  initiate  near  the  leading 
edge.  Vane  leadirg  edges  appeared  hotter  than  the  bulk  of  the  vane. 
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Figure  4.20  Comparison  of  Temperature  Transients  as  Measured  by 

Downstream  Control  Thermocouples,  Upstream  Gas  Thermocouple 
Rakes,  and  the  Radiation  Pyrometer 


Figure  4.21  Silicon  Nitride  Stator  Vanes  as  Seen  from  view  Port 
during  2200°F  Tests  in  the  Static  Rig 
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Following  each  series  of  tests,  the  rig  <as  disassembled  to 
inspect  the  vanes  and  associated  components.  After  the  initial  8  cycles 
at  30%  simulation  and  210PJF  maximum  gas  temperature,  a  thin  deposit 
of  red  dust  was  observed  on  the  end  caps.  This  was  identified  as  NiO, 
Fe203,  and  a  nickel  ferrite  spinel;  all  corrosion  products  of  alloys 
used  in  the  rig.  An  additional  9  cycles  at  the  same  simulation  and 
2200°F  peak  temperature  simply  increased  the  amount  of  this  red  deposit . 
After  the  63  cycies  at  50%  simulation,  the  vane  surfaces  appeared  slightly 
etched  and  dark  gray  in  color.  The  red  deposit  on  the  end  caps  persisted. 
Adherent  glassy  spots  and  stringers  or  streaks  were  present  on  the  vane 
surfaces  after  21  cycles  at  80%  simulation.  These  deposits  and  streaks 
apparently  caused  the  luminescent  areas  noted  previously.  No  damage  to 
the  ceramic  parts  was  observed  at  this  point  In  testing. 

After  the  final  test,  which  included  5  controlled  hut-downs 
and  an  intentional  flameout  transient  at  80%  simulation,  cracks  were 
observed  in  the  ceramic  airfoils  at  positions  1,  2  and  8.  The  end  caps 
survived  intact.  The  vane  assemblies  remained  totally  functional 
after  the  tests  were  completed  as  shown  by  Fig.  4.22.  A  cracked  insulator 
can  be  observed  in  this  photograph  above  the  vane  assembly  at  position  8 
where  the  upper  baffle  failed. 

Si3N4  Vanes 

A  detailed  failure  analysis,  using  optical  microscopy,  Xyglo  dye 
penetrant,  X-ray  radiography,  and  ultrasonic  scanning,  revealed  extensive 
crack  patterns  in  airfoils  1,  2,  6  and  8.  This  is  illustrated  in 
Fig.  4.23,  an  ultraviolet  photograph  of  airfoil  6  using  Xyglo  dye 
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Figure  4.23  Ultraviolet  Xyglo  Photograph  of  Si3N4  Airfoil  Showing 
Typical  Crack  Patterns  after  2200°F  Static  Rig  Tests 
(Suction  Side  of  Airfoil) 

penetrant.  Arrows  indicate  the  direction  of  crack  propagation.  All  of 
the  cracks  can  be  traced  unequivical ly  to  a  single  origin  which  is 
identified  clearly.  This  crack  origin,  which  was  common  to  all 
failures,  was  at  a  point  contact  location  (an  edge  loading  condition) 
resulting  from  the  non-conformed  fit  at  the  airfoil-end  cap  interface. 

As  indicated  earlier,  this  condition  is  expected  when  design  tolerances 
are  not  met.  It  is  apparent  from  Fig.  4.24,  that  cracking  is  not  as 
extensive  on  the  pressure  side  of  the  airfoil  as  on  the  suction  side 
(Fig.  4.23). 

Further  evidence  for  edge  loading  failures  was  obtained  through 
detailed  analysis  of  both  airfoils  and  end  caps.  A  single  fracture 
origin  was  identified  at  the  leading  edge  of  airfoil  1  where  the  tenon 
contacts  the  torroidal  groove  in  the  outer  end  cap.  In  airfoil  2, 
failure  originated  in  the  trailing  edge  area  where  the  tenon  contacts 
the  outer  end  cap  (identical  to  airfoil  6).  Cracking  initiated  at 
both  the  inner  and  outer  trailing  edge  contact  locations  on  airfoil  8. 

The  failure  origin  at  the  outer  end  cap  position  was  marked  clearly 
by  a  concoidal  chip.  Similar  crack  patterns  persisted  on  the  surface 
of  all  fractured  airfoils. 

The  Xyglo  dye  penetrant  technique  revealed  cracking  in  the  outer 
end  caps  at  vane  assembly  positions  1  and  6.  These  observations  were 
verified  by  X-ray  radiography  and  ultrasonic  scanning.  Outer  end  cap  6 
is  used  to  illustrate  the  failu  e  (Fig.  4.25).  The  crack  system  develops 
from  a  single  contact  point  at  a  trailing  edge  location  which  incidentally 
coincides  exactly  with  the  failure  origin  in  airfoil  6.  A  Hertzian  cone 
crack  marks  the  point  of  origin  which  is  coincident  with  very  small 
wear  scars. 
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Figure  4.24  Ultraviolet  Xyglo  Photograph  of  Typical  Crack  Pattern 

Development  on  the  Pressure  Side  of  Sij^  Airfoil  after 
2200°F  Static  Rig  Tests 


Figure  4.25  Ultraviolet  Xyglo  Photograph  of  Failure  Indications  in  Outer 
End  Cap  6  after  2200°F  Static  Rig  Tests 
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The  situation  with  outer  end  cap  1  is  similar.  As  indicated  in 
Fig.  4.26,  failure  is  associated  with  edge  loading  in  the  loading  edge 
position.  Again,  the  points  of  failure  in  both  the  end  cap  and  airfoil 
correspond  to  the  small  area  of  contact  between  the  two  elements. 


as  stated  previously,  the  primary  cause  of  failure  in  airfoils  and 
end  caps  is  stress  concentration  at  points  of  contact  or  an  edge  loading 
jndition.  Transient  thermal  stresses  probably  are  superimposed  on 
these  locally,  highly-stressed  areas  to  initiate  failure  and  crack 
propagation.  Certainly,  the  effect  of  transient  thermal  stresses  cannot 
be  ignored  completely  because  cracking  is  more  extensive  on  the  suction 
surfaces  of  the  airfoils  where  heat  transfer  coefficients  are  high 
(Fig.  4.15). 

It  is  interesting  to  note,  however,  that  failure  was  not  observed 
in  the  vane  assemblies  at  positions  4  and  5  where  peak  temperatures 
were  recorded  and  thermal  transients  were  most  severe.  Furthermore, 
there  was  no  evidence  of  edge  loading  or  point  contact  along  the 
airfoil-end  cap  interface.  The  deposit  pattern  and  wear  scarring 
indicated  that  area  contact  deep  within  the  end  cap  cavity  had  been 
achieved. 

While  it  was  impossible  to  determine  the  time  of  failure,  there 
is  ample  evidence  to  indicate  that  the  cracking  did  not  result  from 
the  emergency  shutdown  at  80%  simulation  which  characterized  the  final 
cycle.  Some  oxidation  was  detected  on  the  fracture  surface  of  airfoil  2 
for  example.  Since  the  maximum  transient  thermal  stress  develops  at 
1500°F  in  a  2  second  shutdown  to  600°F,  oxide  formation  on  the  fracture 
surface  during  this  last  cycle  is  highly  improbable.  In  one  area,  the 


Figure  4.26  Ultraviolet  Xyglo  Photograph  of  Crack  Pattern  Development 
in  Outer  End  Cap  1  after  2200°F  Static  Rig  Tests 
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oxide  coating  on  an  airfoil  had  spalled  from  the  surface.  The  exposed 
surface  had  reoxidized  presenting  additional  evidence  to  support  the 
premise  that  cracks  formed  early  in  the  testing  sequence.  Xyglo 
examination  before  and  after  the  removal  of  surface  deposits  indicated 
that  the  crack  patterns  were  masked  by  a  continuous  oxide  film  in  many 
areas . 

Failure,  then,  is  attributed  to  non-conforming  fit  at  the  airfoil- 
end  cap  interface  which  created  an  edge  loading  condition  or  small  area 
of  high  stress  concentration.  The  situation  resulted  from  the  manufacturer's 
inability  to  meet  the  design  tolerances.  Inspection  records  confirm  the 
fact  that  end  cap  cavities  were  ground  as  much  as  0.020  in.  too  deep  in 
certain  instances.  Attempts  had  been  made  to  correct  these  discrepancies 
by  remachining  and  matching  airfoils  to  end  caps  on  a  best  fit  basis. 

There  is  radiographic  evidence  which  indicates,  however,  that  this  was 
not  achieved.  In  summary, defects  in  the  material  itself  or  the  inate 
inability  of  the  material  to  survive  the  maximum  transient  condition  has 
been  discounted  as  a  cause  of  failure. 

Substantial  amounts  of  surface  deposits  developed  on  the  pressure 
side  of  the  airfoils  during  the  entire  test  program.  These  ranged 
in  color  from  white  to  rust  brown  and  purple  to  black.  The  area 
designated  white  in  Fig.  4.27  were  identified  as  CaS04  with  small  amounts 
of  CaSi03  (Wollastonite),  CaSi03  (psuedo-wollastonite)  and  a-cristobal ite . 

The  brown  and  purple  deposits  were  identified  as  «-Fe203  with  traces  of 
FeO(OH)  and  spinel.  The  suction  side  of  all  airfoils  remained  relatively 
free  of  surface  deposits  (Fig.  4.28).  Where  present,  these  appeared 
glassy  and  dark  in  color.  Silica  was  identified  along  with  x-Fe203, 

CaSi03,  CaSC>4,  and  a-spintl  in  trace  amounts. 

Similar  deposits  were  observed  on  the  gas  passage  surface  of 
the  end  caps  and  in  the  torroidal  grooves  as  illustrated  in  Fig.  4.29. 

The  deposits  ranged  in  color  from  white,  rust  brown,  and  purple  to  black. 
Glassy  silica  was  very  minimal  compared  to  that  exhibited  on  the  airfoils 
and  a-Fe203,  CaSC>4,  and  some  CaSi03  were  present. 


Brown,  Purple 
lo*fe^)j, 

Wnite,  Purple 


Dark  Glassy  Lfloe 
-ISKty 

-  Rustt>rown 

la-fe^Dj,  F«0  (0H».  Spinel' 


White  and  Purple 
'I CaSIO j,  CaSo^ 

Dark  Black 

"  I  CaSIO,.  SiO,,  CaSO-i 


Dark  Glassv  Edge 


Figure  4.27  The  Concave  Surface  View  (Pressure  Side)  of  a  Typical 

Airfoil  Section  after  Exposure  to  Hot  Combustion  Gases  in 
the  Static  Test  Rig  at  2200°F  Peak  Test  Temperature 
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Figure  4.28  The  Convex  Surface  View  (Suction  Side)  of  a  Typical  Airfoil 
Section  after  Exposure  to  Hot  Combustion  Gases  in  the  Static 
Rig  at  2200°F  Peak  Test  Temperature 


Figure  4.29  Inside  Surface  of  an  Outer  End  Cap  after  Exposure  to  Hot 
Combustion  Gases  —  Static  Rig  Test  at  2200°F  Peak 
Temperature 


The  CaS04  (a  major  ingredient  of  cement  and  concrete)  apparently 
was  ingested  as  very  finely  dispersed  particles  from  the  air.  Some  of 
the  CaS04  apparently  reacted  with  surface  silica  to  form  wollastonite  (CaSiOj) 
and  pseudo-wollastonite  (CaSi03) .  The  rustlike  a-Fe203  apparently  formed 
as  an  erosion  product  of  the  stainless  steel  shields  used  to  protect  the 
thermocouples  during  photography. 

Weight  gains  resulting  from  deposition  were  very  small;  258  mg  average 
for  airfoils  and  40  and  21  mg  for  inner  and  outer  end  caps,  respectively. 

The  deposits  were  not  associated  with  surface  damage  in  any  way. 
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LAS  Insulators 


Six  of  the  LAS  insulators  (two  outer  and  four  inner),  were 
reconstructed  and  examined  to  determine  the  probable  cause  of  failure. 

411  fracture  surfaces  were  observed  first  to  locate  fracture  origins. 

Dye  penetrant  was  used  after  that  to  observe  stable  cracks. 

The  following  observations  were  made: 

1)  General  Appearance 

a)  Marks  caused  by  the  wire  mesh  between  the  insulators  and 
their  restraining  metal  shoes  indicated  that  the  insulators  moved  in  the 
direction  of  gas  flow  by  as  much  as  1/16  inch  with  respect  to  the  metal 
shoe.  Similar  observations  showed  that  the  insulators  were  displaced 

in  the  relative  direction  of  the  spring  load  by  as  much  as  1/8  inch  with 
respect  to  the  side  seals. 

b)  A  small  molten  area  at  one  edge  of  an  insulator  indicated  that 
the  melting  point  of  the  material  had  been  exceeded  locally.  No  other 
surface  degradation  was  observed. 

2)  Fracture  Phenomena 

a)  All  detectable  fracture  origins  were  located  on  the  surface 
forming  the  end  cap  interface. 

b)  Except  for  chips,  all  large  fracture  paths  were  parallel  to 
gas  stream  (see  crack  A  in  Fig.  4.30). 


Figure  4.30  Typical  Failure  Indication  in  LAS  Insulators  as  Seen  From 
the  End  Cap- Insulator  Interface 
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c)  Most  insulators  contained  large,  conical-shaped  fractures 

as  shown  by  B  in  Fig.  4.30.  Many  fractures  of  this  type  were  associated 
with  a  series  of  curved,  closely-spaced  stable  cracks  as  represented  by 
C  in  Fig.  4.30. 

d)  Cracks  induced  by  transient  thermal  stresses  were  observed 
on  the  forwa  '  edge  of  both  outer  insulators.  These  displayed  a 
characteristic  'mud-crack'  pattern  as  shown  by  D  in  Fig.  4.30.  Similar 
crack  patterns  were  not  observed  on  the  inner  insulators. 

These  ebservations  lead  to  the  conclusion  that  the  transient 
thermal  stresses  are  large  enough  to  induce  small  cracks  in  LAS  material, 
when  the  surface  temperatures  exceed  1800°F .  The  external  applied  loads 
are  large  enough  to  cause  these  cracks  to  propagate  to  failure.  This 
conclusion  is  supported  by  the  observation  that  a  large  crack  (A  in 
Fig.  4.30)  is  associated  with  a  'mud-crack'  pattern  in  one  of  the 
outer  insulators. 

Causes  for  this  cracking  other  than  thermal  stresses  are  also 
possible.  The  crack  oattem  C  (Fig.  4.30)  cannot  be  due  tc  thermal 
stresses  because  thes  •  cracks  are  too  closely  spaced  and  too  long,  i.e., 
the  stress  field  reli»ved  by  one  would  not  allow  others  to  increase  in 
length.  The  conical  type  of  fracture  (B  in  Fig.  4.30)  apparently  was 
caused  by  wedging  action. 

Two  changes  will  be  made  to  improve  insulator  performance.  First, 
the  honeycomb  seal  material,  used  at  the  housing  ring-insulator  location, 
will  be  replaced  by  a  permeable  feltmetal  to  insure  the  flow  of  cooling 
air  through  the  seal  itself  rather  than  along  the  insulator-insulator 
interface  to  the  gas  passage.  This  is  expected  to  reduce  the  steady  state 
thermal  gradients  in  the  insulator  appreciably.  Second,  the  circumferential 
edges  of  the  insulator  will  be  crowned  or  radiused  to  eliminate  edge 
loading  and  wedging  at  this  location. 

Static  Rig  Modification  for  2500°F  Testing 

The  instrumentation  capability  for  the  2500°F  (1371°C)  test  program 
has  been  improved.  Initial  static  rig  tests  had  only  a  single  radiation 
pyrometer  permanently  focused  on  the  pressure  side  of  No.  4  vane,  1/2" 
downstream  of  the  leading  edge  at  the  mid-height  span.  For  the  2500  F 
tests,  two  additional  pyrometers  will  be  utilized  to  measure  the 
temperature  gradient  across  one  vane  of  the  ceramic  assembly.  These 
data  will  be  used  to  verify  the  heat  transfer  analysis  upon  which  the 
design  is  predicated.  The  pyrometers  will  be  permanently  mounted  on  the 
transition  piece  so  as  to  give  the  temperature  readings  at  the  following 
locations : 

1.  Mid-height  span  suction  side,  0.66"  back  from  vane 
leading  edge 

2.  Mid-height  span,  pressure  side,  trailing  edge  region 

3.  90%  blade  height,  suction  side,  0.66"  back  from  vane 
leading  edge. 

rhe  pyrometers  are  encapsulated  in  water  cooled  jackets  to  protect  them 
from  the  shell  environment.  The  fast  output  response  of  the  instruments 


permit  the  recording  of  the  transient  shutdown  cycles  as  demonstrated 
in  2200°F  testing. 

Attempts  were  made  to  fabricate  ceramic  thermcrouple  rakes  from 
reaction  sintered  SijN^  The  rake  design  was  difficult  to  execute  in 
ceramic  hardware.  Only  one  rake  was  completed  and  tested  after  many 
abortive  attempts.  It  does  not  appear  practical  to  obtain  these 
thermocouple  rakes  for  2500°F  testing  during  the  next  quarter.  Therefore, 
radiation  pyrometers  will  be  used  exclusively. 

The  static  rig  was  equipped  with  a  sight  port  containing  two 
quartz  sight  windows  in  series,  which  permitted  the  viewing  of  the  outer 
end  cap-airfoil  region  of  vanes  3  and  4  during  the  2200  F  testing. 

An  air-cooled  borescope  will  be  added  to  the  instrumentation  to  broaden 
the  visual  aspects  of  testing.  The  borescope  is  mounted  on  the  pressure 
shell  and  is  sighted  through  the  rig  transition  piece.  By  means  of  a 
lens  system  with  a  cone  view  angle  of  45°,  it  will  be  possible  to  view 
six  of  the  eight  airfoil-end  cap  assemblies  during  actual  rig  operation. 

The  borescope  is  equipped  with  a  mirror  box  which  provides  two  eyepieces. 

One  eyepiece  provides  manual  viewing  while  the  second  has  a  Nikkon 
camera  adapter  for  photographic  records. 

All  of  the  thermocouples  will  be  changed  from  Chromel-Alumel  to 
Platinum- Platinum/ 10%  Rhodium  for  2500°F  capability.  The  platinum 
thermocouples  will  only  be  utilized  where  a  direct  measurement  of  the 
gas  stream  is  required.  An  aspirating  thermocouple  design  that  minimizes 
radiation  error  and  increases  response  time  is  specified  for  the 
transition  piece  and  exhaust  temperature  measurement  installations.  The 
Westinghouse  Veritrak  controller  will  be  modified  to  respond  correctly 
to  the  platinum-platinum/rhodium  thermocouples. 

The  metal  rig  conponents  which  are  exposed  to  combustion  gases 
must  be  replaced  by  ceramic  parts  for  the  higher  temperature  testing. 

A  silicon  nitride  bonded  silicon  carbide  duct  has  been  installed  in 
the  static  rig  downstream  of  the  stator  vane  assembly  to  sustain  a 
hot  face  temperature  as  high  as  3200°F.  Tiles  of  this  material  are 
supported  by  an  insulating  castable,  Fiberfrax  paper,  and  a  stainless 
steel  shell.  The  duct  is  attached  to  the  rear  surface  of  the  rig  barrier 
plate  to  direct  the  gases  axially  into  the  mixer  section.  The  duct  is 
shown  in  Fig.  4.31. 

A  new  mixer  section  will  be  built  from  9  silicon  nitride  bonded 
silicon  carbide  cylinders  arranged  in  a  criss-cross  pattern  to  redistribute 
the  hot  and  cold  regions  of  the  profiled  combustion  gases.  The  upstream 
flange  plates  will  be  replaced  by  a  segmented  ceramic  wall. 


Installation  of  Ceramic  Duct  in  the  Static  Rig  for  Tests 
at  2500°F  Peak  Temperature 


Figure  4.31 


4.1.3  VANE  FABRICATION 


Introduction 

The  Norton  Company  continues  as  the  sole  source  of  hot-pressed 
silicon  nitride  and  silicon  carbide  for  the  fabrication  of  stator  vane 
assemblies.  Seven  sets  of  silicon  carbide  hardware  were  delivered. 

Second  generation  stator  vane  assemblies  for  static  rig  testing  at  2500  F 
are  currently  being  machined  from  Noralide  N'C  132  silicon  nitride  and 
Noralide  NC  203  silicon  carbide. 

First  Generation  Silicon  Carbide  Vane  Assemblies 


Seven  complete  silicon  carbide  stator  vane  assemblies  (8  airfoils 
and  14  end  caps)  were  delivered  by  Norton  in  July.  Xyglo,  X-ray 
radiography,  and  ultrasonic  inspection  did  not  disclose  any  problems 
other  than  machining  marks  and  randomly  oriented  scratches  from  lapping 
operations . 

Dimensional  checks  indicate  that  an  overall  improvement  in  quality 
control  has  been  achieved.  The  airfoils,  for  the  most  part,  meet  the 
drawing  tolerances  and  designated  surface  finish.  The  tenon  geometry 
(critical  compound  curvature  at  each  end  of  the  airfoil)  was  0.001  in. 
out  of  tolerance,  however. 

The  end  caps  must  be  reworked  to  eliminate  the  edge  loading 
condition  that  caused  failure  of  the  Si3N4  vanes  in  the  2200°F  static 
rig  tests  as  noted  in  section  4.1.2  of  this  report.  For  example,  the 
edge  contour  radii  of  both  the  inner  and  outer  end  cap  cavities  were 
0.001  to  0.002  inches  too  small  and  somewhat  irregular.  All  cavities 
were  also  asymmetric  with  respect  to  the  minor  radius.  The  inner  end 
cap  cavities  were  ground  0.001  to  0.003  inches  too  shallow.  (This 
condition  is  not  considered  critical.)  The  outer  end  cap  cavities  were 
ground  0.001  to  0.J05  inches  too  deep.  Edge  loading  is  unavoidable  in 
this  instance. 

All  14  end  caps  were  returned  for  rework  to  regrind  the  end  r.ap 
cavities  thereby  increasing  the  major  and  minor  radii  to  1.505  and 
and  0.505  inches,  respectively.  This  should  correct  the  problem. 

Second  Generation  Si3N4  and  SiC  Vane  Assemblies 

All  of  the  billet  material  for  the  second  generation  silicon 
nitride  and  silicon  carbide  stator  vane  assemblies  have  been  prepared. 

Norton  has  certified  the  Noralide  NC  132  material  with  respect  to  the 
properties  listed  in  Table  4.1.  Billet  certification  for  the  Noralide 
NC  203  silicon  carbide  was  reported  previous ly . (4) 

Four  sets  each  of  silicon  nitride  and  silicon  carbide  hardware  were 
scheduled  formerly  for  delivery  in  December  1973.  Due  to  delays  in  obtaining 
formed  grinding  wheels,  Norton  now  expects  to  complete  machining  and 
inspection  of  all  parts  by  March  1,  1974. 
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TABLE  4.1 

PROPERTY  CERTIFICATION  OF  NORTON  NORALIDE  NC  132  SILICON  NITRIDE 


Billet 

Average  Strength* 
(psi) 

Std.  Dev. 
psi 

Density 

gm/cc 

1 

148,000 

14,000 

3.24 

2 

146,213 

17,562 

3.26 

3 

1S3, 300 

12,600 

3.24 

4 

145, 800 

17,200 

3.24 

S 

147,200 

25,000 

3.25 

6 

162,347 

11,748 

3.25 

7 

144,591 

9,061 

3.22 

8 

150,700 

12,700 

3.22 

9 

134,200 

16,500 

3.25 

10 

140,800 

13,200 

3.24 

11 

132,900 

16,100 

3.28 

12 

154,299 

17,674 

3.25 

13 

151,219 

25,355 

3.26 

14 

142,800 

19,700 

3.25 

*  Flexural  strength  in  3  pt .  loading;  specimen 
1/8  x  1/8  x  6  in.,  span  3/4  in.;  multiple 
breaks;  load  rate  (cross  head)  .02  in/min, 
average  of  20  values  at  room  temperature. 
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4.2  ROTOR  BLADE  DEVELOPMENT 


SUMMARY 


The  Westinghouse  Isoparametric  Finite  Element  Stress  Analysis  Code 
(WISF.C)  has  been  expanded  to  include  a  mesh  generator  and  plotting 
capabilities.  Creep  and  contact  stress  problems  are  now  being  programmed. 
The  stress  analysis  of  ceramic  rotor  blades  has  been  modified  to  reflect 
the  effect  of  uniformly  distributed  loads  across  the  attachment  interface. 
Stresses  approach  19,000  psi  in  the  root  area  at  3600  rpm . 

The  development  of  the  three  dimensional  finite  element  capability, 
which  is  required  for  accurate  stress  and  heat  transfer  analyses  of  blades, 
should  be  concluded  by  the  end  of  the  current  fiscal  year.  At  this  point, 
the  creep  and  contact  stress  programs  should  be  completed.  The  remaining 
task  will  be  the  computer  simulation  of  ceramic  rotor  blade  performance. 
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4.2.1  THREE-DIMENSIONAL  FINITE  ELEMENT  STRESS  ANALYSIS 


The  Westinghouse  Isoparametric  Element  Code  (WISEC)  for  three- 
dimensional  elastic  stress  analysj'  has  been  expanded  to  include  the 
capability  for  solving  problems  with  materials  that  exhibit  both 
anisotropic  and  temperature  dependent  properties.  In  addition,  the 
program  has  been  improved  by  including  mesh  generators,  which  reduce 
the  amount  of  work  necessary  to  prepare  the  input  for  the  program, 
and  temperature  and  stress  plotting  capabilities  which  aid  in  the 
interpretation  of  the  stress  analysis.  The  theoretical  development 
for  the  inclusion  of  creep  in  the  analysis  of  isotropic  materials  has 
been  completed.  The  development  of  elastic-plastic  creep  procedures 
have  been  initiated.  Progress  has  been  made  programming  the  elastic- 
plastic  subroutines  for  isotropic  materials. 

It  is  difficult  to  discuss  the  continuing  development  of  the 
three-dimensional  stress  analysis  code  and  its  specific  programming 
in  specific  detail  because  much  of  the  current  activity  represents 
refinement  or  the  theoretical  aspects  of  supplementary  functions.  The 
results,  however,  become  increasingly  evident  with  successive  analyses 
of  a  tentative  rotor  blade  design.  The  most  recent,  reported  in 
section  4.2.2,  shows  the  effect  of  distributing  the  contact  forces  at 
the  blade  root-disc  interface  over  a  finite  area  rather  than  using  knife 
edge  or  roller  support.  All  analyses  now  reflect  the  effects  of 
property  changes  with  temperature  and  the  anisotropic  properties  of 
Norton  HS-130  silicon  nitride. 

The  steady  state  heat  conduction  analyses  has  been  combined  with 
centrifugal  loading  and  gas  bending  forces  to  describe  a  steady  state 
state  stress  distribution,  elements  of  which  have  been  verified  by 
two-dimensional  techniques.  The  three-dimensional  plotting  capability 
was  illustrated  previously. (3,4) 


•Ml/ 
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4.2.2  STRLSS  ANALYSIS  OF  BLADES 


Introduction 

Additional  work  in  the  area  of  preliminary  design  concepts  and  the 
stress  analysis  of  ceramic  rotor  blading  has  been  carried  out.  The 
contact  area  and  friction  between  the  root  of  a  ceramic  blade  and  a 
metal  disc  were  considered  in  a  two-dimensional  study . 

A  steady-state  heat  conduction  analysis  of  a  three-dimensional 
blade  model  was  performed  to  obtain  an  appropriate  temperature  distribution 
in  the  blade  due  to  gas  flow  from  the  combustor.  The  temperature 
distribution,  centrifugal  loading,  and  the  gas  bending  forces  determine 
the  steady  state  condition  of  stress  currently  being  analyzed.  The 
stress  analysis  itself  has  been  modified  by  the  assumption  of  a 
uniform  distribution  of  contact  force  over  a  finite  area;  a  knife  edge 
or  roller  support  had  been  assumed  previously. 


Contact  Stress  Analysis 


A  two-dimensional  model  of  the  ceramic  blade  root  and  the  steel 
rotor  is  shown  in  Fig.  4.32.  The  loading  consists  of  the  centrifugal 
force,  Fc,  the  contact  force,  Fn,  acting  normal  to  the  area  contact, 

Ac,  between  the  ceramic  root  and  the  steel  disc,  and  the  friction  force, 
Fs,  acting  tangent  to  Ac.  The  finite  dement  model  of  the  root  and  a 


Figure  4.32 


Schematic  Drawing  of  Proposed  Ceramic  Blade  Attachment 
with  Metal  Rotor  Disc 


portion  of  the  disc  are  shown  in  Fig.  4.33.  Only  half  of  the  root  is 
modeled  because  of  symmetry.  Constant  strain  triangles  are  used.  In 
this  analysis,  the  contact  area  per  unit  of  thickness  along  the  root, 
the  root  angle,  the  coefficient  of  friction,  and  the  rotational  speed 
are  as  follows:  Ac  =  0.165  in^,  a  =  30°,  p  =  1.732  and  w  =  3600  rpm, 
respectively.  The  finite  element  program  considers  the  contact  between 
the  rotor  and  the  root  by  determining  the  contact  force,  Fn,  and  the 
friction  force,  Fs.  The  solution  is  iterative  because  of  the  non-linear 
nature  of  the  contact  analysis. 

Some  of  the  results  are  shown  in  Fig.  4.34  where  the  maximum 
principal  stresses  are  displayed  as  contours.  The  maximum  in -plane 
tensile  stress  (18274  psi)  was  observed  at  approximately  the  same 
location  in  the  blade  root  at  which  the  maximum  radial  stress  had  occurred 
in  previous  analyses  of  three  dimensional  models.  The  deformations 
obtained  appear  in  Fig.  4.35.  The  dotted  lines  depict  the  deformed 
shape  of  the  root  and  disc  boundaries. 

The  analysis  of  a  30°  root  was  repeated  using  a  uniform 
distribution  of  the  contact  force,  Fn,  and  the  friction  force,  Fs,  acting 
on  the  root  only.  This  time,  the  rotor  portion  of  the  finite  element 
model  (Fig.  4.33)  and  the  contact  analysis  were  omitted  to  reduce 
computer  costs.  The  results  agreed  with  those  reported  within  a 
few  percent. 


Figure  4.33  Two-Dimensional  Finite  Element  Model  of  Ceramic  Blade  Root 
and  Metal  Rotor  Disc 
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Figure  4.34  Maximum  Principal  Stress  Distribution  in  Ceramic  Blade 
Root  (I.cft)  and  Metal  Rotor  Disc  (Right) 


I igure  4.35  Component  Deformation  under  Load  (Deformed  Ceramic  Blade 
Root,  Left,  and  Metal  Rotor  Disc,  Right,  Denoted  by 
Dashed  Lines) 
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5.  PROGRESS  ON  MATERIALS  TECHNOLOGY  -  VEHICULAR 

AND  STATIONARY  TURBINE  PROJECTS 

5.1  MATERIALS  ENGINEERING  DATA 

SUMMARY 


Design  technology  is  highly  dependent  upon  mechanical,  chemical, 
and  physical  properties  of  the  materials  being  used.  This  section  deals 
with  work  performed  during  this  reporting  period  on  the  acquisition  of 
physical  property  information.  Many  of  the  materials  being  investigated 
are  in  the  development  stage  and  improvements  in  properties  are  anticipated; 
this  will  require  that  some,  if  not  all,  of  the  physical  properties  must 
from  time  to  time  be  re-determined.  Therefore,  property  characterization 
of  the  ceramic  materials  for  turbine  engine  use  is  a  task  which  will  con¬ 
tinue  throughout  the  life  span  of  the  contract. 

Weibull  parameters  have  been  determined  for  both  hot  pressed  silicon 
nitride  and  silicon  carbide  based  upon  volume  and  area  being  stressed. 

Agreement  between  measured  and  predicted  values  was  not  as  close  as  expected. 

Hot  pressed  silicon  carbide  exhibited  low  creep  but  failed  in  stress-rupture 
at  15000  psi  when  tested  at  2300°F. 

Corrosion-erosion  testing  of  both  hot  pressed  silicon  nitride  and 
silicon  carbide  was  carried  out  at  2500°F  in  the  turbine  test  passage,  but 
invalid  results  were  obtained  due  to  contamination  from  insulation  which 
was  added  to  the  test  passage. 

Creep  testing  of  reaction  sintered  silicon  nitride  was  carried  out 
using  samples  made  from  silicon  metal  powders  of  various  purity  levels. 

Creep  strain  was  found  to  decrease  significantly  as  the  amount  of  calcium 
decreased.  Material  made  from  silicon  containing  0.05%  calcium  exhibited 
0.04%  plastic  strain  after  200  hours  at  10,000  psi  and  2300  F,  as  measured 
in  four  point  bending.  The  use  of  even  purer  silicon  metal  and  hydrogen-nitrogen 
nitriding  atmospheres  resulted  in  even  less  creep.  Slip  cast  reaction  sintered 
silicon  nitride  was  found  to  have  very  low  creep,  especially  when  iron  oxide 
was  added  as  a  nitriding  aid. 

It  is  anticipated  that  the  statistical  characterization  of  mechanical 
and  thermal  properties  will  be  completed  shortly  for  Norton  hot  pressed 
silicon  nitride  and  silicon  carbide.  Thereafter,  critical  properties  of 
hot  pressed  billets  will  be  monitored  in  order  to  qualify  materials  for  stator 
vane  fabrication.  Iterative  development  of  molded  and  slip  cast  reaction 
sintered  silicon  nitride  materials  will  continue  and  will  include  continued 
characterization  and  data  analysis.  Creep  of  reaction  sintered  silicon  nitride 
no  longer  appears  to  be  a  serious  problem,  providing  continued  attention  to 
control  of  the  chemical  purity  of  this  material  is  exercised. 
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5.1.1  PROPERTIES  OF  MOT-PRESSED  MATERIALS 
Introduction 


The  comprehensive  program  to  evaluate  the  mechanical  and  thermal 
properties  of  many  varieties  of  silicon  nitride,  silicon  carbide,  and 
lithium  aluminum  silicate  in  gas  turbine  applications  is  continuing. 
These  data  not  only  contribute  valuable  fundamental  information  about 
the  materials  but  also  are  considered  essential  to  an  optimum  design 
with  brittle  materials  in  order  to  provide  the  maximum  safety  factor. 

All  of  the  candidate  materials  have  been  improved  significantly.  Since 
the  potential  for  greater  improvement  exists,  the  Material  Engineering 
task  is  expected  to  continue  for  the  full  term  of  the  turbine  project. 

Statistical  Aspects  of  Mechanical  Responses 

The  Weibull  parameters  for  Norton  HS-130  silicon  nitride  and 
hot-pressed  silicon  carbide  were  determined  from  'he  available  flexural 
strength  data.  These  data  were  used  to  predict  strength  as  a  function 
of  effective  volume  or  area  under  stress  at  room  temperature,  1000, 

1800,  and  2300°F.  The  2  parameter  Weibull  results  based  on  the  volume 
prediction  are  presented  in  Figs.  5. 1-5. 3.  Average  tensile  test  values 
also  appear  for  purposes  of  correlation.  The  best  agreement  between 
measured  tensile  and  predicted  values  was  obtained  at  2300°F. 

A  series  of  4  point  bend  tests  were  made  at  a  strain  rate  of 
0.001  in/in/min  to  determine  the  effect  of  specimen  size  on  the  strength 
of  Si3N4  and  SiC  at  room  temperature  by  actual  measurement.  Specimens 


Effective  Volume  Under  Stress  -  KV,  in^ 

Figure  5.1  The  Strength  of  Norton  HS-130  Silicon  Nitride  (Strong 
Direction)  as  Predicted  by  Weibull  Statistics  Based  on 
Volume 
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5.2  The  Strength  of  Norton  HS-130  Silicon  Nitride  (Weak 

Direction)  as  Predicted  by  Weibull  Statistics  Based  on 
Volume 


Figure  5.3 


The  Strength  of  Norton  Hot-Pressed  Silicon  Carbide  as 
Predicted  by  Weibull  Statistics  Based  on  Volume 


0.125  x  0.250  x  1.125  .in.,  0.125  x  0.250  x  2.0  in.,  0.125  x  0.250  x  3.0  in. 
and  0.125  x  0.250  x  6.0  in.  were  tested  in  both  the  beam  and  plate 
orientation  so  that  both  the  volume  and  area  under  stress  could  be  varied. 
The  results  appear  in  Table  5.1.  While  the  flexural  strength  data  can 
be  extrapolated  to  meet  the  Weibull  prediction  in  the  vicinity  of  the 
tensile  size  specimen,  the  correlation  between  the  measured  and  the 
Weibull  estimates  are  not  good  for  the  range  of  sizes  tested. 

The  best  estimates  of  tensile  strength  for  hot-pressed  silicon 
nitride  in  the  weak  direction  are  42,000  psi  at  room  temperature, 

39,500  psi  at  1000°F,  35,000  psi  at  1800°F  and  22,000  psi  at  2300°F  based 
on  Weibull  theory  of  random  flaw  distribution.  Since  the  billet  thickness 
does  not  exceed  1.25  inches  it  is  impossible  to  measure  the  tensile 
strength  or  modulus  by  actual  test. 


Table  S.l 

ROOM  TEMPERATURE  STRENGTH  PROPERTIES  OF  HOT-PRESSED  SILICON  NITRIDE  AND  SILICON  CARBIDE 


Silicon  Nitride  (Strong  Direction) 


Silicon  Carbide 


Mode 


Stress  Specimen  Size 

psi  (Stressed  Vol,  KV,  ln^) 


Mode 


Stress  Specimen  Size 

psi  (Stressed  Vol,  KV,  in3) 


p 

Flexural,  base 

98,500 

1 

X 

10‘3 

Flexural,  base® 

80,000 

3 

X 

10-3 

Measured  Flex® 

82,000 

3 

X 

10‘3 

g 

Measured  Flex 

132,000 

9.0 

X 

10'2 

Measured  Flex*1 

93,000 

9.0 

A 

10‘2 

Measured  Flex®'® 

77,000 

9.3 

X 

io-i 

Weibull  Estimate 

92,000 

9.0 

X 

10‘2 

Weibull  Estimate 

70,000 

9.3 

X 

io-i 

Measured  Flex® 

100,000 

9.4 

X 

10‘1 

Measured  Flex®'® 

72,000 

5 

X 

io-i 

Measured  Flex® 

85,000 

9.4 

X 

lO"1 

Weibull  Estimate 

5B, 000 

5 

X 

io-i 

Weibull  Estimate 

78,000 

9.4 

X 

io-i 

Measured  Flex® 

94,000 

8.5 

X 

io-i 

Extrapolated  Tensile 

45,000 

’* 

X 

io-i 

Measured  Flex® 

80,000 

8.5 

X 

io-i 

Extrapolated  Flex 

71,000 

3 

V 

i°:l 

Weibull  Estimate 

69,000 

8.5 

X 

io-i 

Weibull  Estimate 

52,000 

3 

X 

10  1 

Measured  Flex® 

80,000 

4.9 

X 

10'1 

Measured  Flex® 

B0, 000 

4.9 

X 

10"1 

Weibull  Estimate 

60,000 

4.9 

X 

io-i 

Measured  Tensile 

61,000 

9.9 

X 

10° 

Weibull  Estimate 

42,000 

9.9 

X 

10° 

Extrapolated  Flex 

62,000 

9.9 

X 

10° 

P  ■  Plate  orientation 

h  x  2h 

x  X  in 

B  ■=  Beam  orientation 

h  x  1/2 

h  x  X  in 

height 

x  width 

X 

length 

Failure  probability  plots  have  been  prepared  for  hot-pressed 
silicon  nitride  (Fig.  5.4)  and  silicon  carbide  (Fig.  5.5).  Assuming  the 
same  probability  of  failure  applies  regardless  of  test  mode,  average 
tensile  strength  must  be  reduced  by  25%  when  designing  to  5%  probability 
of  failure. 


Tensile  Strength  of  Hot-Pressed  Si3N4  and  SiC 

No  new  tensile  strength  data  are  available  at  this  time.  Forty 
additional  SiC  specimens  and  25  additional  Si3N4  specimens  have  been 
ordered,  however.  Elastic  modulus  has  been  determined  from  all  of  the 
stress-strain  curves  generated  to  date.  These  data  are  reported  in 
Table  5.2. 
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Figure  5.4  Failure  Probability  for  Norton  HS-130  SijN^ 
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where  n  *  specimens  tested  *  20-30 
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Failure  Probability  for  Norton  Hot-Pressed  SiC 


Table  5.2 


ELASTIC  MODULUS  OF  HOT-PRESSED  SILICON  NITRIDE 
AND  SILICON  CARBIDE 


HS-130  Si3N4 

HP  SiC 

Temp 

Elastic  Mod. 

Temp 

Elastic  Mi 

°F 

psi  x  106 

°F 

psi  x  101 

RT 

45.2 

1000 

65.7 

43.9 

64.2 

45.3 

64.8 

Ave.  44.8 

Ave .  64.7 

1800 

44.7 

1800 

65.6 

44.5 

64.0 

45.4 

65.4 

46.5 

64.2 

45.9 

64.6 

45.3 

Ave .  64.8 

46 . 1 

45.9 

Ave.  45.5 

2300 

46.8 

2300 

65.6 

45.6 

68.5 

46.6 

65.5 

46.3 

65.4 

45.3 

69.2 

46.8 

66.0 

47.2 

65.7 

45.8 

Ave.  66.5 

Ave .  46.3 

2500 

46.4 

2500 

66.2 

44.4 

67.0 

45.2 

64.1 

44.5 

65.3 

64.8 

Ave.  45.2 

64.2 

64.3 

Ave.  65.1 

Tensile  Creep  Properties  of  Hot-Pressed  Silicon  Nitride  and  Silicon  Carbi(  e 

Tests  to  determine  the  tensile  creep  properties  of  HS-130  SijN^  are 
continuing.  Additional  data  support  the  contention  that  the  strength 
and  performance  of  hot-pressed  silicon  nitride  at  high  temperatures 
are  strongly  dependent  upon  the  oxide  impurities  of  Ca,  Na,  and  K. 

The  billet  chemistry  is  summarized  in  Table  5.3.  Norton  HS-130 
material  was  arbitrarily  classified  as  A  or  B  on  the  basis  of  calcium 
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Table  5.3 


CHEMISTRY  OF  Si3N4  BILLETS 
in  wt  % 


Group  Designation 

Ca 

Na 

K 

A1 

Fe 

Mg. 

HS-110-A 

0.5 

0.002- 

0.004 

0.002- 

0.004 

0.5- 

1.0 

1.0 

0.5 

HS-110-B 

0.1- 

0.2 

0.004- 

0.005 

0.004- 

0.008 

0.1 

1.0 

0.5 

HS-130-A 

0.06- 

0.08 

0.006- 

0.01 

0.004- 

0.008 

0.1- 

0.2 

0.5 

0.3- 

0.4 

HS-130-B 

0.03- 

0.05 

0.004- 

0.006 

0.004- 

0.006 

0.2 

0.5 

0.3- 

0.4 

The  first  four  elements  in  Table  5.3  were  analyzed  by  a  precision 
spectrographic  method (5)  with  accuracies  of  ±  50%  of  the  reported  values. 


content  because  the  majority  of  tensile  creep  results  fell  into  two  distinct 
categories.  When  rupture  life  is  plotted  as  a  function  of  stress  at 
2300°F  (Fig.  5.6),  the  SijN4  data  are  represented  better  by  two  straight 
lines  for  HS-130A  and  HS-130B,  respectively,  than  by  a  single  line 
representing  the  data  collectively. 

Steady  state  creep  rate  is  plotted  as  a  function  of  stress  for 
different  temperatures  in  Fig.  5.7.  The  effect  of  Ca  concentration  on 
creep  rate  is  clearly  evident.  Single  datum  points  at  2500°F  and  1800°F 
(10,000  psi  stress),  where  creep  rates  approach  1.8  x  10“3  and 
1.6  x  10" /  %/hr,  respectively,  are  not  shown. 

The  effect  of  atmosphere  on  creep  in  HS-130  Si3N4  is  apparent 
in  both  Figs.  5.6  and  5.7.  However,  neither  figure  demonstrates  the 
most  significant  effect  of  atmosphere.  Total  elongation  in  helium  rarely 
exceeds  1%  whereas  2.5  to  3.0%  strain  at  rupture  is  characteristic  of 
the  hot -pressed  silicon  nitride  in  air.  Since  turbine  rotor  blading 
must  meet  a  total  strain  requirement,  creep  life  has  been  expressed 
in  terms  of  maximum  allowable  tensile  strain  or  1%  elongation.  The  data 
are  reduced  to  reflect  this  strain  criterion  in  Fig.  5.8.  Under  conditions 
of  20,000  stress,  the  life  estimates  at  2100°F  range  from  500  to  2000  hours 
depending  upon  the  calcium  concentration  of  the  parent  HS-130  billet 
materia?..  There  is  no  need  to  impose  a  tensile  strain  requirement  in 
stator  vane  applications  because  the  steady  state  stresses  are  not  expected 
to  exceed  4000  psi.  If  the  vanes  were  to  deform  up  to  3%  by  bowing,  for 
example,  the  effect  on  performance  would  be  inconsequencial . 

The  creep  properties  of  hot-pressed  silicon  nitride  are  compared 
with  selected  nickel  and  cobalt  base  superalloys  in  Figs.  5.9  and  5.10. 

The  Larson-Miller  plot  and  1000  Hour  Stress  Rupture  Life  are  used  here 
because  both  represent  common  engineering  practice. 
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20 


Figure  5.6 


Figure  5.7 


5  6  7  8  9  10 

Stress,  1000  psi 

The  Stress  Rupture  Properties  of  Norton  HS-130  Silicon 
Nitride  at  2300°F 


Steady  State  Tensile  Creep  Properties  of  Norton  HS-130 
Silicon  Nitride 


Figure  5.8 


Figure  5.9 


5  6  7  8  9  10  15  20 

Stress,  1000  psi 

The  Tensile  Creep  Life  of  Norton  HS-130  Silicon  Nitride 
Based  on  1%  Strain  Criterion 


Larson-Miller  Plots  Comparing  the  Stress  Rupture  Properties 
of  Si3N4  with  Superalloys  and  Metal  Matrix  Composites 
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Figure  5.10  The  1000  Hour  Stress  Rupture  Characteristics  of  Si3N4 
and  Selected  Superalloys 


It  is  generally  agreed  that  creep  deformation  results  from 
dislocation  motion  and/or  diffusional  creep.  In  the  case  of  hot-pressed 
silicon  nitride, grain  boundary  sliding,  which  is  a  diffusional  process, 
presumably  predominates.  Creep,  therefore,  can  be  expressed  by: 

.  n  AH/RT 
e  =  A  a  exp 

where  AH  is  the  activation  enthalpy  for  creep  and  n  is  an  exponent  equal 
to  2  denoting  grain  boundary  sliding. 

Dislocations  have  been  identified  in  silicon  nitride. However, 
the  dislocation  density  was  very  low  and  there  was  no  detectable  change 
in  dislocation  density  as  a  result  of  creep  deformation.  The  contribution 
of  dislocation  motion  to  creep  strain  is,  at  best,  a  few  orders  of 
magnitude  less  than  the  observed  creep  strain. 

Since  the  grains  cannot  accommodate  the  deformation,  grain  boundary 
sliding  leads  to  the  initiation  and  steady  state  growth  of  triple-point 
grain  boundary  wedges  which  dominate  creep  deformation  in  Si3N4 
(classical  second  stage  of  creep).  The  wedges  coalesce  to  form  stable 
cracks  which  characterize  the  third  stage  of  accelerated  creep  to 
almost  immediate  failure.  The  viscosity  of  the  glass  phase  at  the 
grain  boundary  presumably  influences  the  rate  of  grain  boundary  sliding. 

Three  hot -pressed  silicon  carbide  specimens  have  been  creep  tested  in 
air  at  2300°F.  Two  of  these  were  loaded  to  15,000  psi;  both  failed  in 
less  than  one  minute.  The  third  specimen  was  loaded  at  10,000  psi. 
Approximately  0.2%  elongation  was  recorded  after  250  hours.  This  test 
is  continuing. 
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While  it  has  been  difficult  to  accumulate  meaningful  tensile  creep  data 
on  Norton  hot -pressed  silicon  carbide,  certain  conclusions  may  be 
drawn  from  the  creep  testing  at  this  time: 

(1)  Hot-pressed  silicon  carbide  appears  to  be  stress 
rupture  limited, 

(2)  Hot-pressed  silicon  nitride  appears  to  be  creep 
limited  in  its  present  form.  Experiments  indicate 
that  significant  improvement  is  possible  by  controlling 
the  level  cf  alkaline  impurities. 


Flexural  Testing  -  A  Critical  Evaluation  of  Si3-N4 

The  flexure  test  is  <'0\imoniy  used  to  determine  the  strength  ard 
failure  strain  of  brittle  materials  because  the  specimen  configuration 
is  simple  and  the  test  is  relatively  easy  to  perform.  It  is  valid  as 
long  as  the  stress-strain  function  remains  linear  and  the  material 
reacts  equivalently  in  a  state  of  tension  or  compression.  Under  these 
conditions,  well  establishe'1  elastic  beam  theory  can  be  used  to  determine 
the  maximum  stresses  and  strains.  Unfortunately,  plastic  deformation 
has  been  observed  in  hot-pressed  silicon  nitride  at  elevated  temperatures. 
Since  plastic  deformation  indicates  a  deviation  from  true  elastic 
response,  the  continued  use  of  elastic  beam  theory  in  the  calculation  of 
maximum  flexural  stresses  and  strains  in  Si3N4  leads  to  erroneously 
high  values,  especially,  at  temperatures  above  2000°F  where  the  effect 
is  considered  significant.  An  attempt  has  been  made  to  define  the 
effect  of  plastic  behavior  in  the  determination  of  flexural  properties 
of  hot -pressed  silicon  nitride  and  to  modify  the  flexural  results 
accordingly. 

There  are  three  conditions  which  must  be  met  durirg  h  nding.  First, 
the  cross-sections  must  remain  planar,  i.e.,  a  linear  relationship  must 
exist  between  strain,  e,  and  a  distance,  y,  from  some  neutral  axis  at 
which  both  stress  and  strain  are  zero: 


e 


=  L 

R 


(1) 


where  R  is  the  radius  of  curvature  of  the  neutral  axis, 
compressive  and  tensile  force  balance  is  required: 


F 


a  dA  =  0 


Second,  a 


(2) 


where  F  is  the  force,  a  is  the  stress  as  a  function  of  position,  and  A 
is  the  area  as  a  function  of  position.  The  resisting  moment  of  a 
rectangular  specimen  under  conditions  of  4  point  bending  must  equal  the 
applied  bending  moment,  M: 


M  = 


j  o  y  dA 


(3) 


If  the  elastic  behavior  is  the  same  for  tension  and  compression,  a 
specimen  under  applied  load  will  bend  such  that  the  strain  differential 
between  the  extreme  tensile  and  compressive  surfaces  is  determined  by 
deflection  (D) ,  fixture  geometry  (a  =  inner  span,  L  =  outer  span  distances), 
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and  specimen  thickness  (h) .  From  beam-deflection  theory,  the  strain  differen¬ 
tial  (e)  is: 


6  h  D 
3aL  -  4a2 


(4) 


Tensile  (et)  and  compressive  (ec)  components  of  strain; 

e  =  e  e  (5) 

t  c 

depend  upon  the  character  of  the  stress-stTain  relationships  which  must 
be  determined.  The  radius  of  specimen  curvature  (R)  is  a  function  of 
deflection  and  inner  span  dimension: 

d  3aL  -  4a2 
K  "  6D 


Since  strain  is  linearly  proportional  to  the  distance  from  the 
neutral  axis,  the  force  balance  equation  (2)  can  be  rewritten  as: 


F 


a  de 


0 


(7) 


and  the  moment  Eq.  (3)  becomes: 

M  =  j  (L-a) 


Et 

a  e  de 


«-E 


C 


(8) 


where  P  =  applied  load  and  b  =  specimen  width. 


Two  extremes  of  plastic  response  were  considered: 

(1)  The  tensile  and  compressive  stress-strain  relationships 
are  non-linear,  but  identical. 

(2)  The  compressive  stress-strain  behavior  is  linear  while 
the  tensile  stress-strain  behavior  is  non-linear. 


For  the  case  where  the  tensile  and  compressive  stress-strain  curves 
are  the  same,  the  neutral  axis  remains  centrally  located  and  the 
compressive  stresses  and  strains  are  of  the  same  magnitude  but  of  opposite 
sign  as  the  tensile  stresses  and  strains.  The  load-defjection  curve  in 
Fig.  5.11  is  first  adjusted  for  machine  deflection  and  then  divided 
into  n  even  increments..  AD,  beyond  some  arbitrary  deflection,  D0,  on  the 
straight  line  portion.  The  curve  is  analyzed  incrementally  over  the 
total  deflection  range: 

=  Di  1  +  AD,  i  =  1  to  n  (9) 


Pi  as  functions  of  Di  are  known.  Using  data  from  Fig.  5.12  the  modified 
moment  Eq.  (8)  may  be  written  as: 


M. 

l 


2bRi2 


+ 


i-i  it. 

£  Vci  (Ei-l  *  T5  * 
1=1 

1  2 

—  aQ  e0  ,  j  =  1  to  n 


a  ,Ae . 
1  J 
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Figure  5.11  Treatment  of  a  Measured  Load-Deflection  Curve 


where  Ae^  = 


(ID 


The  are  half  the  values  determined  from  Eq.  (4). 
curve  is  incrementally  constructed  by  solving  for  Oj 


The  stress-strain 
and  ej . 


When  the  stress-strain  curves  are  not  the  same,  the  neutral  axis 
shifts  from  its  central  location  and  the  location  of  the  neutral  axis 
must  be  determined  continuously.  The  tensile  stresses  and  strains  no 
longer  are  of  the  same  magnitude  as  the  corresponding  compressive 
stresses  and  strains.  The  method  is  similar  to  the  case  cited  above. 
From  Fig.  5.13,  the  force  balance  Eq.  (7)  takes  the  form: 
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j-l 

+  l 
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\  Aei  + 


t . 
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(12) 


where  c  is  the  elastic  modulus  and  eCj  is  the  outer  surface  compressive 
strain.  The  expanded  moment  equation  is: 
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and  the  strain  equation  becomes: 
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Figure  5 


Figure 
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.12  The  Stress-Strain  Relationship  Across  a  Rectangular  Flexural 
Bar  for  Equivalent  Non-Linear  Tensile  and  Compressive 
Functions 


*  c 


C  t. 


5.13  The  Stress-Strain  Relationship  Across  a  Rectangular  Flexural 
Bar  for  Linear  Compressive  and  Non-Linear  Tensile  F'mctions 


112 


Equations  (12),  (13)  and  (14)  ?re  solved  simultaneously  to  obtain  (a)  the 
outer  compressive  strain,  eCj,  (b)  the  outer  fiber  tensile  strain,  etj. 
and  (c)  tht  ter  fiber  tensile  stress,  o^-.  The  compressive  stress  is 
calculated  trom: 


cCj  =  cecj  (15) 

The  load-def section  curve  is  expressed  analytically  as  a  polynomial. 
The  deflection  increments  can  be  adjusted  arbitrarily  to  be  as  small  as 
necessary  to  reduce  errors  in  the  rectangular  increment. 

A  load-deflection  curve  from  an  actual  2350°F  4-point  bend  test  of 
HS-130  silicon  nitride  at  a  crosshead  speed  of  0.002  in/min  is  shown  in 
Fig.  5.14.  Figure  5.15  represents  the  results  of  the  analyses  for 
three  conditions:  (A)  elastic  tension  and  compression,  (B)  equivalent 
plastic  tension  and  compression,  and  (C)  plastic  tension  and  elastic 
compression. 


Figure  5.14  Typical  Load  Extension  Curve  for  Silicon  Nitride  in  the 
Weak  Direction  at  2350°F 


Figure  5.15  Computed  Stress-Strain  Curves  for  (a)  an  Elastic  Solution, 

(b)  a  Plastic  Solution;  and  (c)  a  Tensile  Plastic-Compression 
Plastic  Solution  (Si3N4  Weak  Direction) 

It  is  apparent  that  the  use  of  the  elastic  beam  equation  exclusively, 
yields  the  highest  values  of  stress.  The  maximum  tensile  stress  for 
condition  B  is  greater  than  that  for  condition  C,  whereas  the  case  for 
maximum  compressive  stresses  is  reversed.  It  should  also  be  noted  that 
the  maximum  tensile  stress  for  any  of  the  conditions  does  not  necessarily 
occur  at  the  outside  fiber.  Finally,  the  greatest  tensile  strains  occur 
for  condition  C,  since  it  exhibits  the  greatest  neutral  axis  shift. 
Representative  data  ?re  summarized  in  Table  5.4  for  three  conditions  of 
elastic  strain  rate.  The  actual  flexural  properties  of  SijN4  probably 
lie  somewhere  between  curves  B  and  C  (Fig.  5.15)  and  columns  2  and  3  of 
Table  5.4  depending  upon  the  compressional  stress-strain  characteristics. 

Shear  Properties  of  Hot-Pressed  Silicon  Nitride  and  Silicon  Carbide 

The  torsion  test  apparatus  and  shear  specimen  used  to  measure  the 
shear  strength  and  shear  modulus  of  Si^^  and  SiC  from  RT  to  2500  F 
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have  been  described. (3)  An  angle  of  twist  indicator,  with  a  gage 
length  of  1.50  inches,  was  cemented  to  the  specimen.  The  specimens 
were  torqued  three  times  at  each  temperature  condition  in  both  the 
clockwise  and  counter-clockwise  directions  to  a  maximum  shear  stress  of 
26,000  psi  for  Si3N4  and  20,000  psi  for  SiC. 


Table  5.4 

MAXIMUM  OUTER  FIBER  STRESSES  AND  STRAINS,  4  pt .  BENDING  IN  AIR  AT  2350°F 
(Average  4  billets,  specimen  cut  in  strong  direction) 


Elastic 

Plastic 

Plastic- 

Elastic 

Elastic  Strain 

amax 

emax 

amax 

emax 

amax 

emax 

Rate  min-* 

10-3  pSi 

10-6 

10"3  psi 

10-6 

10" 3  psi 

10‘6 

0.01 

65.7 

41 

50.1 

36 

38.1 

47 

0.001 

50.3 

51 

39.1 

47 

26.5 

71 

0.0001 

42.8 

71 

30.4 

66 

19.8 
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Shear  modulus  was  calculated  from  i_he  X-Y  records  of  torque  versus 
the  angle  of  twist.  The  effects  of  temperature  on  the  shear  modulus  of 
Si3N4  and  SiC  appear  in  Figs.  5.16  and  5.17,  respectively.  A  torque 
versus  angle  of  twist  curve  was  obtained  to  failure  at  the  highest  test 
temperature.  Figure  5.18  is  typical  of  Si3N4  at  2300°F.  No  plasticity 
was  evident  in  SiC  specimens  tested  to  2500°F.  The  shear  properties  of 
Norton  HS-130  silicon  carbide  and  hot-pressed  silicon  nitride  are 
summarized  in  Tables  5.5  and  5.6,  respectively. 
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Temperature  °F 


Figure  5.17  The  Effect  of  Temperature  on  the  Shear  Modulus  of  SiC 


Table  5.5 


SHEAR  PROPERTIES  OF  SILICON  NITRIDE 


Specimen  Si3N4-TOR03-2300 
Billet  No.  10- A 

Specimen  Si3N4-T0R04-2300 
Billet  No.  9-B 

Specimen  Si3N4-TOR05-2300 
Billet  No.  10-B 

Specimen  Si3N4-TOR06-2300 
Billet  No.  9-A 

Test 

Temp.°F 

Shear  Modulus 

G,  psi  x  106 

Test 

Temp.#F 

Shear  Modulus 

G,  psi  x  106 

Test 
Temp . °F 

Shear  Modulus 

G,  psi  x  106 

Test 

Temp .°F 

Shear  Modulus 

G.  psi  *  106 

75 

17.8 

75 

17.8 

75 

17.8 

75 

17.2 

1800 

17.0 

1818 

17.1 

1830 

17.0 

1822 

16.5 

2135 

16.0 

2108 

16.4 

2119 

16.4 

2120 

15.7 

2340 

13.7 

2329 

15.7 

2319 

15.2 

2321 

14.4 

2340 

Ult .  Shear  Stress 
27,900  psi 

2329 

Ult.  Shear  Stress 
50,950  psi 

2319 

Ult.  Shear  Stress 
47,800  psi 

2321 

Ult.  Shear  Stress 
36,000  psi 

Strain 

.003  RAD/ RAD/M IN 

.01  RAD/RAD/MI N 

.003  RAD/RAD/MI N 

.01  RAD/ RAD/MI N 

Rate 


Table  5.6 

SHEAR  PROPERTIES  OF  SILICON  CARBIDE 


Specimen  SiC-TOR01-2300 
Billet  No.  872-2-1 

Specimen 

Billet 

SiC-TOR02-2500 

No.  872-7-2 

Specimen 

Billet 

SiC-TOR03-2500 

No.  872-3-3 

Test 

Temp ,°F 

Shear  Modulus 

G.  psi  x  106 

Test 

Temp. °F 

Shear  Modulus 

G,  psi  x  106 

Test 

Temp. ®F 

Shear  Modulus 

G,  psi  x  106 

75 

26.6 

75 

27.0 

75 

26.6 

1808 

25.6 

1808 

25.9 

1811 

25.8 

2100 

25.0 

2104 

24.9 

2108 

24.9 

2296 

24.6 

2306 

24.3 

2307 

24.5 

2493 

23.5 

2507 

23.8 

2296 

Ult .  Shear  Stress 
37,200  psi 

2493 

Ult.  Shear  Stress 
23,200  psi 

2507 

Ult.  Shear  Stress 
41,750  psi 

St  rai n 
Rate 

.001  RAD/ RAD/MI N 

.001  RAD/RAD/MI N 

.001  RAD/RAD/MIN 

Corrosion-Erosion  Testing 

While  corrosion-erosion  testing  of  Norton  HS-130  silicon  nitride 
and  hot -pressed  silicon  carbide  continued  in  the  turbine  test  passage 
at  2500°F,  3  atmospheres  pressure,  and  300  ft/sec  gas  velocity  insufficient 
data  were  collected  during  the  period  to  warrant  reporting  at  this  time. 

A  white  glassy  deposit  collected  on  all  specimens  early  in  the  test 
indicating  the  possible  reaction  of  alumina  from  the  test  passage 
liner  with  Si3N4  and  SiC.  Since  aluminum  oxide  is  not  a  representative 
constituent  of  the  gas  turbine  environment,  these  results  are  considered 
suspect. 

Ultrasonic  Attenuation  Measurements  of  Hot  Pressed  Silicon  Nitride  and 
Lithium-Aluminum-Silicate _ 

Previously  reported  ultrasonic  attenuation  measurements  for  10  MHz 
shear  sound  waves  have  been  extended  to  1550  C  in  Norton  HS-130  hot  pressed 
silicon  nitride.  The  attenuation  rises  rapidly  near  1000  C,  levels  off  be- 


RELATIVE  ATTENUATION  (db  /  cm) 


tween  1300  and  1400°C,  then  increases  slowly  above  1450  C  as  shown  in  Figure 
5.19.  No  evidence  for  an  attenuation  decrease  at  high  temperatures  has 
been  found.  Thus  the  present  attenuation  effect  appears  unlike  the  usual 
internal  friction  effects  in  metals  which  are  associated  with  grain 
boundary  motion.  It  is  believed  to  result  from  softening  of  a  second 
viscous  phase  known  to  reside  at  giain  boundaries  in  this  material. 

A  broad,  high  temperature  internal  friction  peak  has  been  found 
for  10  MHz  shea*  sound  waves  in  Corning  9458  lithium  aluminum  silicate, 
as  shown  in  Figure  5.20.  The  peak  maximum  occurs  at  370  C.  Further 
work  will  be  done  to  see  if  the  temperature  of  the  maximum  is  frequency 
dependent.  If  not,  the  sound  obsorption  may  be  associated  with  the 
minimum  thermal  expansion  of  this  material  which  occurs  near  40  C. 


TEMPERATURE  (°F) 
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SHEAR  MODULUS  (10®  PSD 


r 


TEMPERATURE  (°F) 

32  400  BOO  1200  1600 


ABSOLUTE  ATTENUATION  (db/cm) 


5.1.2  CREEP  OF  REACTION  SINTERED  SILICON  NITRIDE 


Introduction 

In  the  last  report  ,  the  creep  properties  of  the  then-current  injection 
molded  reaction  sintered  silicon  nitride  were  discussed.*  Creep  testing  has 
now  been  expanded  to  include  two  additional  grades  of  injection  molded  Si2N4 
and  four  varieties  of  slip  cast  S^Ni,. 

Satisfactory  creep  properties  of  injection  molded  Si3N4  are  critical  to 
the  successful  operation  of  the  Ford  duo-density  turbine  rotor.  Creep  data 
may  also  provide  useful  information  on  material  behavior  which  is  helpful  in 
the  further  development  of  improved  materials. 

A  study  was  initiated  to  investigate  the  creep  behavior  of  various  grades 
of  slip  cast  Si3N4.  One  method  of  rotor  fabrication  (the  triple-density  tech¬ 
nique)  requires  the  use  of  a  high  strength  slip  cast  Si 3N4  in  the  rotor  rim. 

This  area  is  subjected  to  high  stresses  and  high  temperatures.  Also,  engine 
testing  of  slip  cast  rotor  shrouds  identified  a  deformation  problem,  presumed 
to  be  caused  by  creep  of  the  material C4)  . 

The  data  derived  from  this  investigation  will  be  used  primarily  as  a 
material  development  tool  to  determine  the  best  material  for  use  in  the  triple 
density  rotors  and  to  help  analyze  and  solve  the  shroud  deformation  problem. 

Creep  of  Injection  Molded  Si3N4 

Creep  measurements  were  made  using  four  point  bending  in  an  air  atmosphere 
.  Test  samples  were  injection  molded  into  rectangular  preforms  and  nitrided 
according  to  the  conditions  shown  in  Table  5.7.  Test  samples  measuring  5/52  in. 
x  1/2  in.  x  3  in.  long  were  diamond  ground  from  the  rectangular  preforms. 


TABLE  5.7 

Creep  Sample  Processing  History,  Injection  Molded  Si3N4 


Mat '  1 

Nitriding  Cycle* 

Nitriding  Atm. 

Density 

Average  MOR  + 

Type  A 

24/24 

n2 

2.30  gm/cm3 

17000  psi 

Type  B 

36/24 

n2 

2.36  gm/cm3 

19100  psi 

Type  C 

36/24 

1.8%  H2+  N2 

2.35  gm/cm3 

24650  psi 

Type  D 

36/24 

1.8%  H2+  N2 

2.34  gm/cm3 

24300  psi 

*  24/24  Cycle  is  defined  as  24  hours  at  2300°F  and  24  hours  at  2660  F. 

36/24  Cycle  is  defined  as  36  hours  at  2300°F  and  24  hours  at  2660  F. 

+  1/8"  x  1/8"  x  1-1/2"  sample,  4  point  bending  (3/8"  x  1-1/8"  fixture),  cross 

head  speed  =  0.10  in/min. 


*In  the  previous  report  ,  the  creep  strains  and  strain  rates  as  shown  in  Table 
5.12,  Figure  5.44  and  Figure  5.45  were  incorrectly  presented.  This  data 
has  been  corrected  and  updated  and  presented  in  Figure  5.21  and  Figure  5.22 
of  this  report. 
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The  materials  were  characterized  according  to  density  and  strength 
(Table  5.7).  Little  variation  was  found  in  density;  however,  the  materials 
nitrided  with  hydrogen  additions  (Types  C  5  D)  exhibited  significantly  higher 
strengths.  Impurity  analyses  of  the  materials  are  shown  in  Table  5.8.  The 
Type  A  material  had  a  high  calcium  content,  due  to  the  addition  of  CaF2  as 
a  nitriding  aid,  and  the  Type  D  material  had  a  significantly  lower  A1  content 
and  the  lowest  Ca  content,  due  to  improved  purity  of  the  starting  silicon 
metal.  X-ray  diffraction  analysis  showed  that  all  samples  had  been  completely 
nitrided  with  a  similar  phase  composition  of  65  Wt%  *  S^Ni*  and  35  Wt%  6  S^N^. 

Figure  5.21  shows  representative  creep  curves  for  S^Nt*  materials  A,  B, 

C,  and  D.  These  materials  exhibit  both  primary  and  secondary  creep.  However, 
all  tests  were  concluded  before  any  evidence  of  tertiary  creep  could  be  observ¬ 
ed. 


Figure  5.22  shows  steady  state  creep  rate  (e  )  as  a  function  of  stress  for 
the  various  test  temperatures  and  materials  studied.  Figures  5.21  and  5.22 


TABLE  5.8 


Typical  Impurity  Analysis  of  Injection  Molded  SisNi*  Creep  Samples  (Wt  %) 


Mat '  1 

F£ 

A1 

Ca 

Mg. 

Ni 

W 

Co 

V 

Type  A 

0.50-0. 

.70 

0.35-0 

.48 

0.40 

0.03 

0.02 

<0.01 

0.01 

0.01 

Type  B 

.66-  . 

.76 

.38- 

.60 

.02- 

.08 

.02 

.02 

<  .01 

.01 

.01 

Type  C 

.66- 

.76 

.38- 

.60 

.02- 

.08 

.02 

.02 

<  .01 

.01 

.01 

Type  D 

.60- 

.94 

.10- 

.23 

.01- 

.05 

.02 

.04 

- 

- 

.03 

Plastic  Strain  vs  Time  For  Several  Types  of 
Reaction  Sintered  Silicon  Nitride 


Figure  5.21 
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illustrate  the  large  differences  in  creep  behavior  of  the  materials  studied. 
The  Type  A  material,  which  contains  0.40%  calcium,  exhibits  the  most  plastic 
deformation  and  the  highest  creep  rates.  Reducing  the  calcium  content  to 
an  average  of  0.05%  (Type  B)  resulted  in  less  plastic  deformation  and  lower 
creep  rates,  even  though  the  testing  temperature  and  stress  were  increased. 

The  Type  C  material  with  the  same  calcium  content  (0.05%)  but  nitrided  with 
1.8%  H2  shows  an  significant  improvement  in  creep  resistance  over  the  Type  B 
material  under  the  same  stress  and  temperature  conditions. 

Type  D  material  (0.15%  A1 ,  0.03%  Ca,  nitrided  in  1.8°  H2)  was  tested  at 
one  condition  only;  2340^F  and  10,000  psi  (Figures  5.21  and  5.22).  rhis 
material  exhibits  a  lower  creep  rate  than  the  Type  C  material  at  a  higher 
test  temperature.  From  this  one  test,  it  appears  that  by  increasing  the 
purity  of  the  material  (with  respect  to  Ca  and  Al),  greater  creep  resistance 
can  be  obtained.  However,  more  tests  are  necessary  to  determine  if  the  stress 
or  temperature  dependence  of  the  steady  stat"*  creep  has  also  changed. 

The  stress  exponent  values  from  Figure  5.22  (to  be  used  in  the  equation 
e  =  Ko11)  of  1.3  to  2.0  are  typical  of  those  obtained  in  viscous  flow. 
Examination  of  the  microstructure  after  creep  testing  showed  a  glassy  phase 
on  the  fracture  surface.  This  glass  layer  was  analyzed  using  Auger  electron 
spectroscopy.  Converting  the  elemental  concentration  to  oxide  form,  the 
approximate  glass  compositions  for  the  Type  A  and  Type  B  materials  are  as 
follows : 

Type  A:  CaO  •  2  AItC^'  2  Si02 

Type  B:  CaO  •  11  Al203-  7.5  Si02 

Examination  of  the  phase  diagram  for  this  system  shows  that  the  Type  B 
composition  is  the  more  refractory.  This  agrees  with  the  creep  results 
obtained  for  these  two  materials,  and  is  consistent  with  the  observation  that 


---■TYPE  A 
ii- TYPE  B 
TYPE  C 

★  TYPE  0  (2340  F.) 

•  2000  °F. 
x  2200  °F. 

■  2300  °F. 

A  2400  #F.  (TYPE  C) 


Figure  5.22  Steady  State  Creep  Rate  vs  Stress  For  Several  Types 
of  Reaction  Sintered  Silicon  Nitride 


'Ufa- 
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the  Type  B  material  exhibits  less  creep  at  higher  temperatures  than  the 
Type  A  material.  S' ice  the  Auger  analysis  yielded  results  proportional  to 
the  initial  spectrographic  analysis,  it  can  be  assumed  that  the  Type  (.  gla^ 
composition  is  approximately  equal  to  the  Type  B  composition  and  that  the 
Type  D  glass  will* be  lower  in  both  Ca  and  A1 ,  and  is  therefore  more  refractory 
than  the  Type  B  glass  phase. 

Examination  of  the  microstructure  also  delineates  a  large  difference  in 
grain  size  between  the  Type  C  and  the  Types  A  5  B  Si3N4.  The  Type  C  has  much 
smaller  grains  with  more  particle-to-particle  contact  area  between  the  grains 
This  increased  contact  area  between  grains  would  require  more  force  to  be 
applied  to  the  sample  to  generate  an  equivalent  stress  condition  at  the  gra’n 
boundaries.  This  may  account  for  the  improved  creep  properties  of  the  Type  C 
material  ever  the  Type  B.  The  open  structure  of  the  Typ  A  and  B  materials 
also  allows  for  larger  movement  of  grains  into  the  open  areas  of  the  structure, 
thereby  allowing  more  overall  deformation  to  occur.  This  could  account  for 
the  observed  differences  in  primary  creep  of  the  various  grades  of  material. 

The  combination  of  increased  purity,  especially  with  respect  to  Ca,  and 
a  modified  microstructure  due  to  the  H2  addition  in  the  nitriding  atmosphere, 
are  the  two  factors  contributing  to  the  improved  creep  resistance  o  the 
Type  C  reaction  sintered  Si3N4.  Combining  these  improvements  with  1  xower 
level  of  A1  impurity  resulted  in  the  supeiior  creep  resistance  of  the  Type  .' 
material . 

Limited  stress  rupture  data  was  obtained  and  is  summarized  in  Table  5.9. 
The  Type  A  material  shows  a  very  short  rupture  life  (:2  horn-s  )  at  2000  /  and 
7500  psi  stress.  In  contrast,  the  Type  C  material  exhibits  a  rupture  life 
in  excess  of  200  hours  at  2300°F  and  10,000  psi,  and  a  rupture  life  greater 
than  145  hours  at  2400°F  and  10,000  psi.  Further  stress  rupture  testing 
will  be  performed  during  the  next  reporting  period,  including  the  Type  D 
material . 


TABLE  5.9 

Effect  of  Calcium  Level  and  Nitriding  Atmosphere 
on  Stress  Rupture  Life  of  Injection  Molded  Si3N4 


Nitriding  Rupture 


Mat 1 1 

Wt%  Ca 

Atmosphere 

Temp,°F 

Stress,  psi 

Life,  hrs. 

Type  A 

0.40 

n2 

2300 

10,000 

0 

Type  A 

.40 

n2 

2000 

7,500 

1.8 

Type  A 

.40 

n2 

2000 

7,500 

0.67 

Type  B 

.05 

n2 

2200 

12,500 

0 

Type  C 

.05 

1 . 8%  H2+N2 

2300 

10,000 

>  200 

Type  C 

.05 

1 . 8%  H2+N2 

2300 

20,000 

19 

Type  C 

.05 

1.8%  H2+N2 

2400 

10,000 

>  145 

Type  D 

.02 

1.8%  H2+N2 

2340 

10,000 

>  170 
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Creep  of  Slip  Cast  S^Ni, 

The  slip  cast  materials  were  prepared  according  to  procedures  described 
in  Section  5.2.4  of  this  report.  Data  on  nitriding  additions  and  sintered 
density  is  given  in  Table  5.10.  All  creep  tests  were  conducted  in  an  air 
atmosphere  using  4-point  bending,  similar  to  the  testing  described  earlier 
in  this  section.  The  stress  reported  is  the  outer  fiber  tensile  stress 
calculated  using  elastic  theory  and  the  strains  are  calculated  using  the 
measured  deflection  of  the  test  sample.  The  test  rig  used  in  this  work 
was  not  the  same  unit  used  to  study  injection  molded  S^Ni,.  The  sample 
size  was  smaller  (1/8  in.  x  1/8  in.  x  1-1/2  in.  long  samples  and  3/8  in. 
x  3/4  in.  span  lengths),  and  the  technique  used  to  measure  deflection  of 
the  sample  was  different.  Rather  than  measuring  the  deflection  directly 
by  using  a  probe  to  contact  the  sample,  the  deflection  was  determined  by 
measuring  the  movement  of  the  load  train  with  an  LVDT  transformer  mounted 
outside  the  furnace.  These  two  differences  made  this  test  rig  less 
sensitive  and  creep  rates  less  than  1  x  10  5  in/in/hr  could  not  be  determined. 

The  creep  test  results  are  presented  in  Table  5.11.  In  general  the 
creep  of  slip  cast  Si3N4  is  very  small  and  superior  to  that  of  the  injection 
molded  S^Ni,.  It  is  significant  to  note  that  the  material  with  the  Fe203 
nitriding  addition  appears  to  have  the  best  creep  resistance.  For  example, 
at  a  temperature  of  2400^  and  stress  of  15,000  psi,  no  detectable  creep 
of  this  material  was  observed  after  70  hours.  This  information,  however,  does 
not  correlate  with  engine  test  results  where  deformation  of  rotor  tip  shrouds 
was  observed  00 .  Shrouds  with  a  1%  Fe203  additive  were  found  to  have  a  gap 
change  of  0.008  inches  after  70  hours  of  engine  operation.  The  stresses  in 
this  component  are  calculated  at  between  500  and  2000  psi  and  the  part 
temperature  was  only  1900°F.  This  indicates  that  possibly  another  mechanism 
is  causing  the  deformation  of  these  shroud  rings. 

TABLE  5.10 


Creep  Sample  Processing  History  of  Slip  Cast  Silicon  Nitride 


Code  No. 

Nitriding  Additive 

Density 

NE8 

None 

2.69  gm/cm  3 

NE9 

3%  CaF2 

2.65  gm/cm3 

NE10 

1%  Fe203 

2.72  gm/cm3 

NE12 

3%  Fe203 

2.72  gm/cm3 

TABLE  5.11 

Creep  Test  Results  of  Slip  Cast 

Silicon  Nitride 

Test  Temp 

.  Stress 

Duration  of  s 

Material 

(  F) 

(psi) 

Test  (hrs.)  (in/in/hr) 

NE8 

2300 

10,000 

70  1  x  10'5 

NE9 

2300 

10,000 

65  3.5  x  10"5 

NR  10 

2300 

10,000 

65  No  Detectable  Creep 

NE10 

2400 

12,500 

70  No  Detectable  Creep 

NE10 

2400 

15,000 

70  No  Detectable  Creep 

NE12 

2300 

10,000 

65  No  Detectable  Creep 
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5.2  MATERIAL  SCIENCES 


SUMMARY 


The  purpose  of  detailed  investigations  into  material  sciences 
is  to  develop  an  understanding  of  material  behavior  which  will 
lead  to  improved  material  through  better  control  of  composition, 
processing,  and  fabrication.  This  is  of  particular  importance 
since  the  ceramic  materials  being  utilized  in  turbine  engines 
are  relatively  new  and  appear  capable  of  considerable  improvement. 

Various  phases  of  the  material  sciences  investigation  will  be 
continued  throughout  the  life  of  the  program. 

The  wetting  of  hot-pressed  silicon  nitride  by  enstatite  com¬ 
position  glasses  containing  Ca,  Na,  and  K  was  studied  to  determine  the 
effect  of  oxide  impurities  on  the  solution-reprecipitation  stage  of 
liquid  phase  sintering.  These  impurities  improve  wetting,  lower  the 
liquid-solid  interfacial  energy,  and  increase  adhesion.  Full  densi- 
fication  apparently  results  from  the  diffusion  of  magnesium  from  the 
grain  boundary  glass  phase  into  silicon  nitride  grains. 

The  effects  of  sulfur  in  turbine  fuels  on  the  corrosion  behavior 
of  hot  pressed  silicon  nitride  have  been  analyzed.  Oxidation-sulfidation 
experiments  resulted  in  weight  change  vs  time  curves  identical  to  those 
obtained  in  pure  dry  oxygen  at  all  temperatures. 

The  use  of  both  small  amounts  of  hydrogen  added  to  the  nitriding  atmosphere 
and  iron  oxide  as  a  nitriding  aid,  plus  the  elimination  of  particles  of  silicon 
metal  greater  than  40y  in  size  from  the  starting  material,  has  resulted  in 
reaction  sintered  silicon  nitride  of  finer  grain  structure  with  a  50-6  strength 
improvement . 

A  considerable  amount  of  process  development  has  been  done  on  slip 
cast  reaction  sintered  silicon  nitride.  Methods  were  developed  for  producing 
stable  slips  using  fine-grained  silicon  metal,  and  the  use  of  alginate  skins 
on  plaster  molds  was  found  to  be  very  beneficial  in  producing  good  quality 
castings.  Very  high  green  density  specimens  were  produced  by  careful  control 
of  casting  parameters . 

Regarding  the  status  of  material  science  investigations,  the  micro- 
structural  characterization  of  Norton  hot-pressed  silicon  nitride  and 
silicon  carbide  is  essentially  complete.  Examination  of  billet  materials 
used  in  stator  vane  fabrication  will  continue  to  insure  that  initial  standards 
are  maintained.  The  study  of  oxidation  kinetics  in  hot-pressed  silicon  nitride 
and  silicon  carbide  will  be  completed  soon  in  pure  oxygen,  air,  and  oxygen, 
nitrogen,  and  sulfur  dioxide  mixtures.  For^ the  vehicular  turbine  project, 
further  impro\  ements  in  the  strength  of  molded  reaction  sintered  silicon  nitride 
are  needed  and  expected  for  the  multi-density  rotor  blade.  Future  work  will 
concentrate  on  improving  strength  through  attainment  of  higher  density  and 
continued  optimization  of  nitriding  cycles  and  atmospheres.  These  expected 
improvements  will  also  provide  a  greater  margin  of  safety  for  the  nose  cone 
and  the  stators. 
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5.2.1  MICROSTRUCTURE  OF  HOT-PRESSED  SILICON  NITRIDE 


Introduction 

High  strength  and  high  density  Si^  are  produced  by  hot-pressing 
with  1-5  w/o-MgO  additive.  The  magnesia  is  thought  to  react  with  silica 
to  form  enstatite  (MgSi03),  which  promotes  densification  by  liquid  phar - 
sintering.  The  alkali  metal  oxides  of  sodium  and  potassium  together 
with  calcium  oxide  (an  oxide  of  an  alkaline  earthmetal) ,  collectively 
referred  to  here  as  combined  alkaline  oxide  impurities ,  have  been 
identified  in  the  grain  boundaries  where  they  apparently  affect  the 
strength  of  the  material  at  elevated  temperatures.  A  significant 
improvement  in  the  high  temperature  strength  and  creep  resistance  is 
achieved  when  the  final  product  is  shown  to  contain  200-400  ppm  calcium 
(lower  range  of  HS-130  Si3N4  and  experimental  materials)  as  compared 
to  500-800  ppm  calcium  which  characterizes  the  upper  range  of  HS-130 
silicon  nitride  or  0.5%  calcium  in  HS-110  silicon  nitride.  Since 
hot-pressing  experiments  with  high  purity  Plessy  silicon  nitride  powder 
containing  <  10  ppm  total  alkaline  oxide  impurity  (defined  in  terms  of 
K,  Na  and  Ca)  failed  to  reach  high  strength  or  full  density,  a  study 
was  performed  to  determine  the  effect  of  these  alkaline  oxide  impurities 
on  the  wetting  and  viscous  behavior  of  magnesia  containing  silicate 
glasses . 


The  Wetting  Behavior  of  Glass  on  Poiycrystalline  Silicon  Nitride 

Fourteen  glass  compositions  (Table  5.12)  were  prepared  from  high 
purity  powders  of  Si 02  and  MgO.*  CaO  was  added  as  the  oxide  while  the 
three  alkali  metal  oxides  were  added  in  the  form  of  carbonates, 
powders  were  dry  milled  with  high  purity  Al203  balls  for  48  hours  and 
pressed  into  0.45  in.  diameter  buttons  which  were  melted  in  graphite 
crucibles  in  a  purified  N2  atmosphere  at  2820°F.  After  melting,  the 
buttons  were  kept  at  temperature  for  2  hours  and  then  furnace  cooled. 
Each  family  of  glass  compositions,  the  glasses  containing  CaO,  for 
example,  were  fired  separately  to  avoid  cross  contamination.  Phases 
were  identified  by  Debye-Scherer  powder  X-ray  diffraction.  The  exact 
composition  was  determined  by  wet  chemical  analysis. 

Wetting  is  defined  by  the  contact  angle,  0,  that  a  drop  of  liquid 
forms  at  the  point  of  contact  with  a  solid  (Fig.  5.23).  A  non-wetting 
configuration  is  one  where  the  contact  angle,  0,  is  equal  to,  or  greater 
than  90  degrees.  When  full  wetting  is  achieved,  0=0.  The  degree  of 
wetting  is  determined  by  the  surface  forces  acting  on  the  system  where 


cos 


aSV  "  aSL 


LV 


(1) 


Here  asv>  ^Sl>  2nd  aLV  are  the  surface  energies  of  the  solid-vapor, 
solid-liquid,  and  liquid-vapor  interfaces,  respectively.  If  osL  >  o sv» 
the  contact  angle  can  never  equal  zero.  However,  when  ogv  >  CTSL  as  it 
is  in  liquid  phase  sintering,  the  degree  of  wetting  is  controlled  by  the 
asi  term.  Diffusion,  chemical  reaction,  or  mutual  solubility  at  the 
liquid-solid  interface  affects  the  interfacial  energy  whereby  influencing 
the  degree  of  wetting. 


*  Fisher  Scientific  S-153  silica,  M-51  magnesium  oxide  and  C-117  calcium 

**  Cerac  P-1049  K2C03,  Johnson  Mathery  Chemicals  Li2C03  Grade  #1  and 
Na2C03  Grade  #1. 
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Table  5.12 

COMPOSITION  AND  CONSTITUTION  OF  Mg0-SiO2  BASE  GLASSES 


Composition 
wt  % 

of  Mixture 

Composition 

wt 

after  Melt 

% 

Phases 

Present 

Compound 

Si02 

MgO 

Additive 

Si02 

MgO 

Addi tive 

Major 

Minor 

1 

60 

40 

0 

60 

39.8 

0 

E 

none 

CaO 

CaO 

2 

59.0 

39.0 

2.5 

59.3 

39.2 

2.3 

E 

D,F 

3 

57.0 

38.0 

5.0 

58.3 

37.3 

4.6 

F 

D,E 

4 

56.0 

36.5 

7.5 

58.0 

35.4 

7.0 

F 

D,E 

5 

55.0 

35.0 

10.0 

56.2 

33.4 

9.9 

D 

F,E 

Li 2CO3 

Li20 

6 

59.0 

39.0 

2.5 

60 

37.7 

0.8 

E 

F 

7 

57.0 

38.5 

5.0 

61 .0 

37.5 

1.7 

F 

E 

8 

56.0 

36.5 

7.5 

58.4 

36.4 

3.5 

F 

E 

Na2C0^ 

Na20 

9 

59.0 

38.5 

2.5 

61.2 

36.9 

1.4 

E 

F 

10 

56.0 

36.5 

7.5 

59.2 

36.5 

4.1 

F 

E (trace) 

11 

55.0 

35.0 

10.0 

58.0 

36.4 

5.5 

F 

E (trace) 

K2C0S 

k2o 

12 

59.0 

37.5 

2.5 

61.5 

35.8 

1.5 

F 

E 

13 

57.0 

38.5 

5.0 

60.1 

36.1 

3.0 

F 

E 

14 

56.0 

36.5 

7.5 

57.3 

57.3 

4.7 

F 

E 

♦Phase  identification;  E  =  enstatite,  D  =  diopside,  F  =  forsterite. 


Figure  5.23  Balance  of  Forces  Diagram  of  Sessile  Drop  on  a  Solid 
Substrate 
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The  apparatus  used  to  measure  the  contact  angle  is  essentially  an 
instrumented  quartz  tube  which  can  be  evacuated  and  backfilled  with 
nitrogen  as  shown  in  Fig.  5.24.  Heat  is  provided  by  ‘"buctionuSinga 
boron  nitride-lined  graphite  susceptor  which  radiates  to  the  test  samp  . 

1  thermocouple  is  used  to  monitor  the  temperature  of  the 
substrate  at  a  ’ocation  just  below  the  surface  under  the  glass  drop. 

The  drops  are  photographed  as  silhouettes  and  contact :  angles  are  »=asured 
from  enlarged  prints  of  the  silhouettes  30X) .  Small  tiles  of  Nort 
US  no  SixNa  containing  300  ppm  combined  alkaline  impurity  (Na,  1  and 
Cai  0  Wo  o  A1  and  0.8  w/o  Mg  were  used  as  substrate  materials. 

Specimenswere  iutgassed  in  vacuum  and  heated  to  2370°F  in  nitrogen  The 
temperature  was  increased  from  2370  to  3160“F  at  a  controlled  rate  of 
18°F/min . 

The  experiments  were  carried  out  under  transient  thermal  conditions 
because : 

m  Si^Na  is  soluble  in  magnesium  silicate.  Therefore, 
continuous  surface  reaction  precludes  any  possibility 
of  true  equilibrium. 

(21  Preliminary  tests  showed  that  6  is  not  reversible, 

i.e.,  there  is  absolutely  no  regression  of  the  liquid 
glass  drop  upon  cooling. 

(31  The  behavior  of  the  glass-Si2N4  system  should  be 

examined  under  conditions  similar  to  those  encountered 
during  hot-pressing  where  at  least  partial  sintering  is 
observed  during  controlled  heat  up. 

Chemical  analyses  indicate  that  very  little  change  in  composition 
occurred  during  initial  glass  preparation  (Table  5.12).  Therefore, 
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Figure  5.24  Apparatus  for  the  Measurement  of  Contact  Angle 
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composition  of  the  glass  drop  was  assumed  to  remain  constant  during 
the  wetting  tests.  The  X-ray  diffiaction  data  are  in  good  agreement 
with  published  phase  diagrams and  show  that  minute  additions  of 
alkaline  oxides  to  pure  MgSi03  result  in  multiple  phase  mixtures  where 
enstatite  rapidly  forms  the  minor  phase. 

Typical  examples  of  the  sessile  drop  silhouettes  are  shown  in 
Fig.  5.25.  Wetting  improves  (lower  contact  angle)  as  the  amount  of  CaO 
in  MgSiOj  is  increased.  The  contact  angle  vs  temperature  data  tor  all 
of  the  compounds  studied  appear  in  Fig.  5.26.  These  demonstrate  the 
strong  effect  of  alkaline  oxide  impurities  on  the  wetting  of  Si3N4  by 
magnesium  silicate  although  complete  wetting  (6  =  0)  is  never  achieved 
even  at  the  highest  temperature.  The  effect  of  Li20  is  more  pronounced 
than  CaO,  although  there  appears  to  be  a  slight  decrease  in  the  degree 
of  wetting  as  the  lithium  concentration  is  increased.  These  alkaline 
oxide  impurities  act  to  reduce  the  melting  point  viscosity  of  silicates.!  ) 

After  reaching  the  maximum  temperature,  the  furnace  was  turned  down 
to  cool  the  system  at  a  rate  of  140’F/min.  In  no  case  was  there  a  change 
in  the  contact  angle  from  the  minimum  attained  at  the  maximum  temperature. 

The  liquid-solid  interfaces  were  examined  by  light  and  scanning 
electron  microscopy.  Micrographs  of  the  interfaces  are  shown  in  Fig.  5. 2^. 
There  is  evidence  of  dissolution  at  the  interface  in  all  three  systems. 

The  interfaces  are  rugged,  and,  in  many  areas  (arrows),  particles  of 
Si3N4  appear  as  inclusions  in  the  glass. 


A  B  C 

Figure  5.25  The  Fffect  of  Temperature  and  Composition  on  the  Wetting  of 
Si3N4  by: 


(a)  Pure  Mg  Si03 

(b)  Mg  Si03  +  2.5%  CaO 

(c)  Mg  Si03  +  7.5%  CaO 
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Figure 


.26  The  Wetting  of  Si3N4  by  Mg0-Si02  as  a  Function  of  Temperature 
and  Oxide  Impurity 
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Figure  5.27  Light  Micrographs  of  Transverse  Sections  Through  the  Glass 
Si3N4  Interface  (1000  X) 

(a)  38  Mg0-57  Si02-5  CaO  (w/o) 

(b)  56.5  Mg0*59  Si02’7.5  iNutCOj  (w/o) 

(c)  38.5  MgO-59  Si02'5.0  K2CO3  (w/o) 


The  nature  of  the  interfaces  are  shown  in  more  detail  in  the  scanning 
electron  micrographs  of  Fig.  5.28.  A  reaction  zone  of  about  15  ym  is 
seen  in  Fig.  5.28a.  The  original  Si3N4  surface  is  marked  by  the  large 
arrows  in  both  micrographs.  It  is  clear  that  well  bonded  interfaces 
are  formed  between  the  silicate  glass  and  the  Si3N'4  substrate. 

Energy  dispersive  X-ray  analysis  was  used  to  determine  the 
distribution  of  elements  across  the  interface.  Readings  were  made  at 
various  points  along  the  marked  line  in  Fig.  5.28a.  the  results  are 
summarized  in  Fig.  5.29.  Magnesium  and,  to  some  extent,  calcium  have 


Scanning  Electron  Micrographs  Showing  the  Glass-Si 3N4 
Interface  for: 

(a)  35  MgO-55  SiC^-lO  CaO  (w/o) 

00  38.5  MgO-57  Si02-5  K2C03  (w/o) 

(Original  Si3N4  Surface  Marked  by  Arrows,  10  ym  Scale) 


3  4 

Interface 


•  Mg  Counts 
o  Ca  Counts 


Distance  from  Interface,  Mm 

Mg  and  Ca  Concentrations  in  35  Mg -55  Si02'10  CaO  Along  the 
Trace  in  Figure  5.28 


diffused  into  the  Si3N4  substrate.  This  phenomenon  is  demonstrated  again 
in  Table  5.13  where  count  readings  at  the  various  points  marked  in 
Fig.  5.28a  are  summarized.  The  readings  support  the  identification  of 
the  original  Si3N4  surface  as  marked  and  show  that  diffusion  of  Mg  into 
the  SijN4  does  occur,  apparently,  for  all  silicate  systems. 

Systems  richer  in  Si02  were  examined  also,  specifically;  Si02  -  20 
95  Si02  -  5  MgO  and  95  Si02  -  5  CaO  glass  mixtures.  Poor  wetting  was 
observed  with  all  three  systems  at  temperatures  up  to  3270°F.  However, 
interfacial  reactions  similar  to  those  whicn  characterize  the  MgSi03~l  se 
systems  (Fig.  5.28)  must  have  occurred  with  the  high  Si02  systems.  These 
are  illustrated  in  the  three  SEM  micrographs  of  Fig.  5.30.  Well  bonded 
interfaces  are  seen  in  Figs.  5.30a  and  b,  although  poor  wetting  is  clearly 
visible  at  the  left  edge  of  Fig.  5.30a.  The  original  Si3N4  surface 
(marked  by  the  dotted  lines)  was  determined  by  energy-dispersive  X-ray 
analysis.  Magnesium  has  diffused  across  the  interface. 

A  somewhat  rougher  interface  is  seen  in  the  Si02  *  5  CaO  system 
(Fig.  5.30).  The  general  appearance  is  t  .at  of  a  well  bonded  interface. 

It  seems,  therefore,  that  the  glass-substrate  interfacial  reactions  are 
mainly  the  result  of  dissolution  of  Si^N4  in  Si02  base  glasses. 

Time  is  significant  in  the  development  of  the  wetting  angle, 
specifically,  where  strong  surface  reactions  are  involved.  It  was 
essential,  therefore,  to  determine  the  development  of  wetting  as  a 


Table  5.13 

ENERGY  DISPERSIVE  X-RAY  COUNT  RATIOS  FOR 
Mg/Si  AND  K/Si,  SYSTEM  #13,  FIG.  6b  (CORRECTED  FOR  BACKGROUND) 


Point  # 

Mg/Si 

K/Si 

1 

0.61 

0.008 

2 

0.55 

0.007 

3 

0.62 

ND 

4 

0.01 

ND 

5 

0.61 

0.009 

6 

0.03 

ND 

7 

0.02 

ND 

8 

0.01 

ND 

9 

0.01 

ND 

ND  =  not  detected 


Figure  5.30 


SEM  Micrographs  of  Transverse  Sections  Through  the  Glass 
Si3N4  Interface  for: 

(a)  80  Si02*20  MgO 

(b)  95  Si02  ’5  MgO 

(c)  95  Si02 • 5  CaO 

(Dotted  Lines  Mark  Original  SijN^  Surface,  20  ym  Scale) 


function  of  time  under  isothermal  conditions.  No  detectable  time  effect 
was  observed  for  the  MgSi03~Si3N4  system  at  3130°F.  A  constant  wetting 
angle  was  achieved  quickly  at  1910°F  (Fig.  5.31).  The  MgSiOj  •  5.2  w/o 
K2O  system  exhibited  <1  large  drop  in  the  wetting  angle  during  the  first 
minute  but  an  equilibrium  angle  was  achieved  in  less  than  one  minute 
even  in  this  case.  The  interfacial  reactions,  apparently,  occur  rapidly 
and  do  not  affect  the  wetting  after  the  first  minute  or  so. 

Few  correlations  of  general  nature  have  been  reported  between 
cos  0  and  the  energy  terms  in  Eq.  (1).  Zisman(^)  showed  that  cos  0 
increases  linearly  with  the  decreasing  surface  energy  of  the  liquid.  This 
relation  holds  for  a  series  of  homologous  liquids  at  constant  temperature. 
RheeC9)  found  a  linear  relationship  between  cos  6  and  temperature.  He 
suggested  that  this  rate  is  applicable  to  many  liquid  metal-ceramic 
sys terns . 


0  1234  5678 

Time  at  Temperature,  min 


Figure  5.31  Wetting  angle  as  a  Function  of  Time  at  Constant  Temperature 


Cos  6  is  plotted  as  a  function  of  alkaline  oxide  addition  in 
Fig.  5.32  where  the  data  indicate  a  linear  dependence  of  cos  6  on 
alkaline  oxide  additions.  The  four  lines  in  the  figures  extrapolate  to 
two  common  points  which  agree  well  with  the  value  of  cos  0  for  the  pure 
MgSiOx  system.  These  results  support  the  data  in  Fig.  5.26.  Using  data 
from  Fig.  5.26: 


cos  0  =  A  +  BXa  (2) 

where  Xa  is  the  fraction  of  alkaline  oxide  addition,  A  is  the  value  of 
cos  0  for  pure  MgSi03  and  B  is  the  slope  of  the  line.  The  additions  oF 
alkaline  oxide  should  not  affect  the  solid-vapor  energy  at  a  constant 
temperature  and  osV  (Eq •  (1))  should  remain  constant  for  the  series  of 
tests  represented  in  Fig.  5.32.  Under  these  conditions,  Eq.  (1)  may  be 
rewritten  in  the  form; 

cos  0  =  A'  -  B'  ogL 
and  combined  with  Eq.  (2)  to  give; 

°SL  v  a  "  ^  Xa.  (4) 
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which  indicates  that  alkaline  oxide  additions  dc  affect  the  solid-liquid 
interfacial  energy.  The  energy  term  controls  the  wetting  behavior  of 
the  silicate  glasses  on  S^Nq. 


Figure  5.32  Cos  9  as  a  Function  of  Oxide  Content 


Similar  reasoning  can  be  applied  to  the  work  of  adhesion,  WA, 
which  defines  the  work  necessary  to  separate  the  liquid  from  the  solid. 

W«  should  be  a  measure  of  the  strength  of  the  liquid-solid  interface  where; 

WA  =  osv  +  aLV  -  aSL 
If  oj^y  and  Ogy  are  constant: 

WA  %  a  +  3Xa 

An  increase  in  the  strength  of  the  liquid-solid  interface  due  to  the 
addition  of  alkaline  oxides  to  the  magnesium  silicate  glass  is  indicated. 

The  degree  of  dominance  of  the  rearrangement  stage  during  liquid 
phase  sintering  depends  on  the  volume  fraction  of  the  liquid.  Uhen  the 
volume  fraction  of  the  liquid  is  less  than  5%,  the  amount  of  shrinkage 
due  to  rearrangement  is  negligible.  (10)  In  the  case  of  hot-pressed  S^N^, 
the  volume  fraction  of  the  liquid  glass  does  not  exceed  5%.  Therefore, 
rearrangement  cannot  be  considered  a  significant  factor  in  the  densification 
of  Si3N4.  The  process  appears  to  be  one  of  solution-reprecipitation  where 
the  late  of  densification  is  controlled  by  the  solution  rate  of  the  solid 
at  the  liquid-solid  interface.  Dissolution  of  the  solid  at  the  liquid- 
solid  interface  during  hot-pressing  is  demonstrated  in  Figs.  5.27,  5.28 
and  5 . 30 . 

The  solution  and  reprecipitation  process  depends  on  a  low  contact 
angle,  9,  and  a  low  dihedral  angle,  <t>.  Alkaline  oxides  lower  the  contact 


(5) 

(6) 
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angle  as  demonstrated  in  Fig.  5.26. 


The  dihedral  angle  given  by: 


cos 


$ 

2 


(7) 


where  Og^  =  grain  boundary  energy 

is  a  measure  of  the  degree  of  intergranular  penetration  by  the  liquid  phase 
Even  though  cannot  be  measured  reliably  because  of  the  very  small  grain 
size  in  Si3N4,  it  is  clear  from  Eq.  (7)  that  a  decrease  in  the  liquid- 
solid  interfacial  energy  should  have  a  significant  effect  on  the  liquid 
sintering  process. 


Since  Mg  diffuses  from  the  liquid  phase  into  solid  S13N4,  final 
densification  may  result  from  diffusion  whereby  Mg  ions  are  accommodated 
within  the  Si3N4  structure. 

This  investigation  suggests  that  full  densification  can  be  achieved 
by  Mg  diffusion  into  the  Sij^  grain.  A  certain  amount  of  alkaline  oxide 
impurity  may  be  required  to  create  a  strong  cohesive  structure.  An 
optimum  level  of  alkaline  oxide  impurity  has  not  been  determined,  however. 
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5.2.2  GAS-SOLID  R I  ACTION'S 


Introduction 

Hie  investigation  of  kinetic  processes  involved  >.n  the  static 
oxidation  and  sulfidation  of  silicon  nitride  and  silicon  carbide  is 
continuing.  This  section  discusses  the  possible  effects  of  sulfur  in 
turbine  fuels  on  the  corrosion  behavior  of  hot -pressed  silicon  nitride. 

Composition  of  Combustion  Gases  in  a  Stationary  Gas  Turbine 

The  diesel  fuel  used  in  stationary  gas  turbines  has  a  carbon  to 
hydrogen  ratio  of  approximately  1  '•  1  •  8.  In  turbine  operations  at 
1*0  atm  total  pressure,  air  to  fuel  ratios  approximate  50:1  (by  weight). 

If  a  fuel  contains  0.5  wt  %  sulfur  (a  value  considered  characteristic 
of  heavy  residual  fuels),  the  partial  pressures  of  various  species  in  the 
combustion  gases  (assuming  complete  combustion  of  the  fuel)  may  be 
calculated  in  accordance  with  the  following  reactions: 

CH  +  1.445  02  +  N2  +  C02  +  0.89  1^0  +  N2  (1) 

1/2  S2  +  02  -  S03  (2) 

Partial  pressures  for  the  various  species  in  the  combustion  gases  are 
listed  in  Table  5.14.  A  further  assumption  that  the  oxidation  of  S02 
to  S03,  according  to  reaction 

S02  +  1/2  02  -*■  S03»  (3) 

TABLE  5.14 


CALCULATED  PARTIAL  PRESSURES  OF  VARIOUS  SPECIES  IN  THE 
COMBUSTION  GASES  IN  A  GAS  TURBINE  AT  A  TOTAL  PRESSURE  OF  10  atm 


Species  Partial  Pressure,  atm 


Nitrogen  (N2)  7.75 

Oxygen  (02)  !-47 

Carbon  dioxide  (C02)  0.41 

Water  vapor  (Ho0)  0.36 

Sulfur  dioxide  (S02)  8.8  x  10 

Sulfur  trioxide  (SOj)*  7.6  x  10 


Equilibrium  pressure  at  1300°K. 


r 


A 


is  catalyzed  by  various  metallic  structural  parts  of  the  gas  turbine 
leads  to  the  calculation  of  the  equilibrium  SO3  pressure  corresponding 
to  SO2  and  O2  partial  pressures  in  the  combustion  gases.  This 
equilibrium  SO3  pressure  at  1300°K  also  appears  in  Table  5.14.  It  is 
clear  from  Table  5.14,  that  the  combustion  gases  are  highly  oxidizing 
and  the  S02  and  SO3  pressures  in  the  turbine  can  be  appreciable  when 
high  sulfur  fuels  are  used. 

Thermochemistry  of  the  Si-O-S  System 


The  only  solid  compound  reported  between  silicon  and  sulfur  is 
silicon  disulfide  (SiS2)  which  melts  at  1363°K.  The  free  energies  of 
formation  (AG0')  of  the  various  solid  phases  in  the  Si-O-S  system  are 
listed  in  Title  5.15.  These  thermodynami c  data  were  used  to  construct 
the  thermochemical  phase  diagram  for  the  Si-O-S  system  shown  in  Fig.  5.33 
where  the  partial  pressure  of  sulfur  (S2)  is  plotted  against  the 
partial  pressure  of  oxygen  (O2)  on  a  logarithmic  scale.  The  SO2/SO3 
pressure  ratios  corresponding  to  various  oxygen  partial  pressures  are 
also  shown.  The  various  lines  in  the  diagram  separate  the  regions  of 
existence  for  Si(s),  SiS2(s),  and  Si02(s). 

The  SO2,  SO3,  and  O2  partial  pressures  in  a  gas  turbine  correspond 
to  a  log  PS2  value  of  about  -25.6  at  1300°K.  It  is  evident  from  the 
thermochemical  phase  diagram,  that,  at  these  log  PS2  and  log  PO2  values, 
the  stable  equilibrium  species  over  silicon  is  silicon  dioxide  (Si02) • 

The  case  for  silicon  nitride  should  be  similar.  Therefore,  since  it  is 
thermodynamically  impossible  for  SiS2(s)  to  form  over  Si3N4  in  the 
highly  oxidizing  turbine  environment,  the  scale  must  be  Si02(s). 


Species 

and 


Si3N4(s) 
SiC(s) 
Si02  (s) 
SiS2(s) 
SiS(g) 


so2(g) 

so3(g) 


TABLE  5.15 


THERMOCHEMICAL  DATA  FOR  THE  Si-O-S  SYSTEM 


Standard  Free  gnergy  of  Formation 
at  1500°K,  (AGf),  cal/mol _ 

-75,161 

-15,085 

-162,207 

-33,244 

-12,194 

-63,840 

-58,426 


Reference 
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Figure  5.35  Thermochemistry  of  the  Si-O-S  System  at  1300°K 


It  may  be  possible  to  form  SiS2(s)  over  Si3N4  by  the  reaction: 

Si3N4  +  6  S02  ->  3  SiS2  +  2  N2  +  6  02  (4) 

However,  the  free  energy  (AG)  for  this  reaction  is  highly  positive  at 
all  temperatures  of  interest.  For  example,  at  1300°K  and  at  the  partial 
pressures  listed  in  Table  5.14,  a  free  energy  of  +486  kcal  is  calculated. 
Therefore,  SiS2(s)  will  not  form. 

Formation  of  SiS(g) 

Silicon  inonosulfide  (SiS)  gas  can  form  according  to  the  reaction: 

Si3N4  +  3  S02  +  3  SiS (g)  +  2  N2  +  3  02  (5) 

However,  the  partial  pressure  of  SiS(g)  formed  by  this  reaction  is  only 
5  x  10“16  atm  at  1300°K  when  calculated  from  the  appropriate  S02,  N2, 
and  02  partial  pressures  (Table  5.14).  These  extremely  low  SiS(g) 
pressures  should  not  affect  the  oxidation  kinetics  of  Si3N4  to  Si02. 
Moreover,  the  formation  of  a  Si02(s)  layer  on  the  surface  of  Si3N4  during 
the  initial  stages  of  oxidation  will  further  suppress  the  formation  of 
SiS(g)  according  to  reaction  (5).  Therefore,  the  formation  of  SiS(g) 
is  of  no  consequence  in  the  corrosion  behavior  of  hot-pressed  Si3N4 
in  industrial  gas  turbines. 

Static  Oxidation-Sulfidation  of  Si3N4 


The  simultaneous  oxidation-sulfidation  kinetics  for  Norton's  HS-130 
hot-pressed  Si3N4  were  studied  by  continuous  thermogravimetry  using  an 
automatic  Cahn  electrobalance  and  procedures  described  previously . (2) 
SijN^  specimens,  1/2"  x  1/2"  x  0.070"  were  suspended  from  the  Cahn 
electrobalance  with  a  sapphire  fiber  and  held  at  temperature  in  a 
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flowing  atmosphere  of  N2,  02,  and  S02.  All  experiments  were  carried  out 
at  1  atmosphere  total  pressure  using  the  following  gas  mixture: 

N2  89.91% 

02  10.00% 

S02  0.09% 

A  platinum  wire  mesh  was  placed  in  the  hot  zone  of  the  reaction  tube  to 
catalyze  the  fomation  of  S03  from  S02.  This  gas  mixture  corresponds 
to  a  S02/S03  pressure  ratio  of  about  25.7  at  1300°K,  which  is  several 
times  higher  than  that  expected  in  a  gas  turbine  even  with  very  hig  , 
sulfur-containing,  heavy  residual  fuels.  For  example,  the  S02/5^3  ratio 
calculated  for  the  gas  turbine  using  0.5  wt  %  S  fuel  is  only  about 
0.116  as  shown  in  Table  5.14. 

The  oxidation  sulfidation  experiments  were  performed  at  temperatures 
in  the  range  1800  to  2500°F.  The  weight  gain  vs  time  curves  at  all 
temperatures  followed  a  parabolic  behavior.  The  oxidation  curves  were 
identical  to  those  obtained  in  pure  dry  oxygen.  l4J  The  magnitude  of 
oxidation  in  the  oxidizing-sulfidizing  gas  mixture  was  found  to  be  the 
same  as  that  in  pure  oxygen  within  the  limits  of  experimental  uncertainty. 
X-ray  diffraction  analysis  of  the  oxidized  surfaces  indicated  the  presence 
of  a-cristobalite  (Si02)  with  traces  of  silicon  oxynitride  (Si20N2) . 

Silicon  disulfide  (SiS2)  was  detected  confirming  the  results  of  the 
thermodynamic  calculations.  Therefore,  the  oxidation  behavior  of  hot-pressed 
Si3N4  in  very  high  sulfur  fuels  is  expected  to  be  similar  to  that  observed 

in  pure  oxygen. 
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5.2.3  DEVELOPMENT  OF  INJECTION  MOLDED  SILICON  NITRIDE 


In  the  last  report  (4),  experiments  aimed  at  increasing  the  strength  of 
injection  molded  Si3N4  were  described.  In  this  section,  further  experiments 
with  the  same  objective  are  described.  The  effect  of  hydrogen  additions 
t°  the  nitriding  atmosphere  will  be  discussed  in  relation  to  the  strength 
and  creep  properties  of  Si3N4.  The  effect  of  varying  the  particle  size 
distributions  of  starting  silicon  metal  powder,  and  the  effect  of  an  Fe,0* 
ni triding  additive  on  the  strength  of  Si3N4  will  also  be  covered. 


Effect  of  Nitriding  Atmosphere 


It  has  been  shown  that  hydrogen  additions  to 
are  beneficial  to  the  strength  of  Si3N4.  Figure  5.34A 


the  nitriding  atmosphere 
shows  that  as  the 


figure  5.34  Flexural  Strength,  Oxygen  Content,  and  Creep  Properties 
of  Injection  Molded  Silicon  Nitride  as  the  Amount  of 
Hydrogen  Added  to  the  Nitriding  Atmosphere 
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hydrogen  concentration  of  the  nitriding  atmosphere  is  increased  to  1  the 
strength  increases  and  reaches  a  maxium.  The  strength  at  this  level  show 
a  batch-to-batch  variation  between  24,000  psi  and  27,000  psi  with  an  average 
value  of  25,500  psi.  This  amounts  to  a  30  percent  increase  over  the  strength 
of  material  reaction  sintered  in  nitrogen  only.  This  data  was  obtained  using 
silicon  metal  powder  having  Type  C  purity  (4) . 

The  oxygen  content  of  these  samples  was  measured  by  neutron  activation 
analysis  at  AMMRC .  Figure  5.34A  also  shows  that  the  oxygen  level  was  essentially 
unaffected  by  changes  in  hydrogen  concentration.  This  fact  tends  to  discount 
the  hypothesis  that  hydrogen  reduces  oxide  films  formed  on  the  silicon.  It 
has  been  observed  for  the  1.8%  H2  level  that  a  finer  gTain  structure  is  develop¬ 
ed  as  a  result  of  the  hydrogen  treatment  (described  in  Section  5.1.2  of  this 
report).  Thus,  this  increase  in  strength  can  probably  be  attributed  to  the 
reduction  in  grain  size  of  the  silicon  nitride. 

The  creep  properties  as  a  function  of  hydrogen  concentration  in  the 
nitriding  atmosphere  are  shown  in  Figure  5.34B.  As  shown,  the  steady  state 
creep  rate  and  percent  creep  strain  decrease  with  increasing  hydrogen  content 
and  reach  a  minimum  between  1-2%  hydrogen.  MoTe  detailed  properties  of  the 
1.8%  H2  level  are  given  in  Section  5.1.2  of  this  report,  along  with  a  proposed 
explanation  of  the  mechanism  involved. 

In  summary,  the  maximum  strength  and  maximum  creep  resistance  can^be 
obtained  simultaneously  by  using  a  nitriding  atmosphere  containing  1-2% 
hydrogen . 

Effect  of  Silicon  Metal  Particle  Size 

Messier  (14)  noted  that  reducing  the  maximum  particle  size  of  the  starting 
silicon  metal  powder  resulted  in  a  substantial  strength  increase  of  the 
resulting  silicon  nitride.  Experiments  were  performed  to  verify  this  work 
with  regard  to  injection  molded  Si3N4. 

Silicon  metal  powder  was  air  classified  into  various  size  ranges  by 
removing  the  coarse  fraction.  Figure  5.35  shows  the  particle  size  distri- 
bution  as  determined  by  x-ray  sedimentation  of  the  starting  feed  material 
and  the  various  classified  batches.  Each  of  these  materials  was  then  pro¬ 
cessed  into  a  standard  injection  molding  batch.  No  molding  problems 
were  encountered  with  either  the  standard  or  the  40y  material.  The  30u  batch 
had  to  be  blended  with  an  increased  amount  of  organic  molding  compound  in 
order  to  mold  properly.  This  resulted  in  a  lower  solids  content  and  conse¬ 
quently  lower  green  and  fired  densities.  The  20v  material  could  not  be  molded 
under  any  reasonable  conditions. 

The  three  moldable  batches  were  nitrided  using  a  1%  H2/N2  atmosphere. 

The  results  in  Table  5.16  show  the  40u  material  yielded  a  10  percent  higher 
strength.  The  test  sample  size  was  1/8  in.  x  1/8  in.  x  1-1/2  in.  long  and 
four  point  bending  was  used  with  fixture  knife  edge  spacings  of  3/8  in.  x 
1-1/8  in;  this  same  procedure  was  used  for  other  strength  measurements  re¬ 
ported  in  this  section. 

The  addition  of  Iron  Oxide  (Fe203)  has  been  found  to  improve  the  proper¬ 
ties  of  slip  cast  grade  Si3N4  (Section  5.2.4  of  this  report).  Test  samples 
were  fabricated  using  additions  of  1%  and  3%  Fe203  with  injection  molding 
grade  silicon  metal.  These  samples  were  processed  using  a  1%  H2/N2  atmosphere. 
Strength  results  are  shown  in  Table  5.17.  A  14  percent  increase  in  strength 
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was  obtained  with  the  3%  Fe203  composition.  Visual  observation  attributed 
this  increase  to  an  improved  surface  condition.  The  material  appeared  dense, 
and  lacked  the  large  surface  porosity  normally  associated  with  typical 
injection  molded  S^Nt*. 

Samples  were  next  made  using  a  combination  of  all  the  improved  processing 
techniques;  -40y  silicon  metal,  3%  Fe203  additive  and  a  1%  H2/N2  nitriding 
atmosphere.  The  physical  properties  of  the  resulting  material  are  characterized 
in  Table  5.18.  As  shown,  a  50%  strength  improvement  was  realized  over  the 
baseline  Si3N4  material,  (100%  N2  atmosphere,  shown  in  Figure  5.38A)  and  a  70% 
strength  increased  was  obtained  relative  to  standard  injection  molded  material 
(3)  . 

O  STANDARD  MAT! 

V  40p  MAT'L 


TABLE  5.16 

Effect  of  ParticlQ  Size  Distribution  on  Strength 
of  Injection  Molded  Silicon  Nitride 


Material 

Volume  % 
Soli  d 

Strength* 

Strength  Change 

Standard 

62 

24,150  psi 

- 

-40m 

62 

26,600  psi 

+  10% 

-30y 

60 

22,250  psi 

-  S% 

-20m 

could  not  injection  mold, 

1/8  x  1/8  x  1-1/2"  test  bars;  four  point  loading;  3/8  x  1-1/8"  fixture. 


TABLE  5.17 


Effect  of  Iron  Oxide  Additions  on  Strength  of  Injection  Molded  Si3N4 


Material 

Density 

Strength* 

%  Strength  Increase 

No  additive 

2 . 34  gm/cc 

22,300  psi 

- 

1%  Fe203 

- 

22,950  psi 

3% 

3%  Fe203 

2.37  gm/cc 

25,500  psi 

14% 

*Same  bending  test  conditions  as  in  Table  5.16 

TABLE  5.18 

Properties  of  Improved  Injection  Molded  Silicon  Nitride 
Strength  29,700  ±  2,200  psi 

Weibul  Modulus  22 

Density  2.33  gm/cm3 

Elastic  Modulus  16  x  106  psi 

Phase  Analysis  75%  a  ,  25%6  Si3N4 
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5.2.4  DEVELOPMENT  OF  SLIP  CAST  SILICON  NITRIDE 
Introduction 


The  increased  demand  for  reaction  sintered  silicon  nitride  as  a 
high  temperature  material  has  focused  attention  on  the  development  of 
silicon  metal  powder  forming  processes.  These  processes  must  be  capable 
of  producing  complex  shapes  with  properties  that  meet  engineering  design 
specifications.  One  forming  technique  that  has  received  little  attention 
in  the  past  is  slip  casting.  This  process  is  used  extensively  in  the 
ceramic  industry  to  consolidate  ceramic  powders  to  high  green  densities. 

Recently,  investigators  have  demonstrated  that  metal  powders  such 
as  copper,  molybdenum,  tungsten,  and  stainless  steel  can  also  be  slip- 
cast  05).  In  view  of  the  extensive  use  of  slip  casting  in  the  ceramic 
industry  and  recent  developments  in  powdei  metai  technology,  slip  casting 
is  being  developed  as  a  viable  forming  process  for  silicon  nitride. 

The  slip  cast  process  consists  of  pouring  a  stable  suspension  of 
powder,  called  the  slip,  into  an  absorbant  mold  which  represents  the 
negative  of  the  object  being  formed.  The  mold,  through  capillary  action, 
absorbs  the  liquid  fraction  of  the  slip,  leaving  a  coherent  casting  that 
has  sufficient  handling  strength.  The  casting  is  subsequently  dryed  and 
sintered  to  give  the  component  its  final  properties.  Figure  5.36  schemati¬ 
cally  describes  the  basic  slip  casting  process. 

There  are  two  major  slip  casting  techniques,  casting  of  ?>  lid  parts  and 
parts  and  drain  casting  of  hollow  parts.  Solid  castings  are  made  by  con¬ 
tinuously  replacing  the  absorbed  liquid  fraction  with  additional  slip 
until  a  solid  article  is  formed.  Hollow  castings  are  made  in  a  similar 
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Figure  5.36 


The  Slip  Casting  Process 


fashion;  However,  excess  slip  is  poured  out  of  the  mold  after  the  article 
as  reached  the  desired  wall  thickness. 

Metal  Powder  Slip  Casting 

There  are  many  factors  that  affect  the  casting  characteristics  of 
a  metal  slip  system;  some  of  the  more  significant  ones  will  be  discussed. 

The  critical  areas  that  must  be  controlled  are  the  properties  of  the  metal 
powder,  the  properties  of  the  liquid  media,  and  the  rheological  additives. 

Many  of  the  variables  are  closely  related  and  difficult  to  treat  indepen¬ 
dently.  The  important  parameters  of  the  metal  powder  are;  1)  particle  size, 

2)  particle  reactivity,  3)  particle  size  distribution  and  4)  particle  shape. 

The  particle  size  and  particle  reactivity  determine  the  mechanism 
by  which  a  stable  suspension  is  achieved.  Suspension  mechanisms  are  cata- 
gorized  as  either  physical  or  chemical.  Large  (>10  microns)  or  high  specific 
gravity  powders  require  special  gelling  additives  which  physically  hold  the 
particles  in  suspension.  High  viscosity  slips  and  low  density  castings  are 
generally  associated  with  physical  suspensions .  Chemical  suspensions  are 
those  whose  rheological  properties  are  largely  controlled  by  ionic  inter¬ 
actions  between  the  liquid  and  solid  phase.  To  produce  a  chemical  suspension 
the  powder  particles  must  fall  within  a  size  range  where  surface  forces  such 
as  London-van  der  Waals,  rather  than  gravity,  govern  their  behavior.  For 
most  metals,  a  chemical  suspension  can  be  obtained  if  the  bulk  of  the 
particles  fall  in  the  size  range  of  1-10  microns  (15J  .  In  addition  to  size, 
the  surface  of  the  particles  must  be  such  that  electrical  double  layers, 
as  described  by  Helmholtz  and  later  by  Gouy  and  Stem,  can  be  established. 

Oxide  layers  that  form  on  most  metals  provide  the  means  for  establishing  the 
electrical  double  layers,  thereby  creating  the  repulsive  forces  between 
particles  necessary  to  establish  a  suspension.  The  oxide  skin  is  generally 
a  "loose"  structure  of  the  metal  oxide.  Under  certain  conditions  this  skin 
can  partially  or  totally  dissolve,  can  increase  in  volume,  or  can  even  change 
in  type  (17).  These  modifications  in  the  oxide  skin  can  exert  considerable 
influence  on  the  forces  that  govern  the  suspension  and  thereby  cause  sudden 
undesirable  rheological  changes. 

The  particle  size  distribution  is  also  an  important  parameter.  High 
density  castings  require  that  voids  between  larger  particles  be  filled  with 
smaller  particles;  therefore,  the  particle  size  distribution  must  be  controlled 
to  obtain  the  desired  particle  packing  efficiency.  The  particle  size  distri¬ 
bution  also  has  a  profound  effect  on  casting  behavior.  For  example,  a  casting 
composed  of  too  many  fines  may  crack  on  drying,  whereas  a  casting  with  a  high 
coarse  fraction  may  not  have  sufficient  drying  shrinkage  to  facilitate  extrac¬ 
tion  from  the  mold.  The  selection  of  an  appropriate  particle  size  distribution 
is  essentially  an  emperical  process,  and  certain  compromises  between  casting 
behavior  and  casting  properties  may  be  necessary. 

Particle  packing  efficiency  and  particle  surface  area  are  the  prime 
factors  when  considering  particle  shape  as  a  determining  factor  on  the 
properties  of  a  slip  and  the  resulting  casting. 

The  main  requirements  for  a  vehicle  (liquid  media)  are:  1)  ability  to 
wet  the  metal  powder,  2)  chemical  stability,  and  3)  viscosity. 

To  formulate  a  castable  slip  the  powder  particles  must  be  perfectly 
wetted  by  the  liquid  fraction  of  the  slip.  Wetting  agents  can  be  used  to 
achieve  this  condition.  For  efficient  particle  packing  (high  density)  the 
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vehicle  must  provide  effectual  particle  mobility  and  lubrication.  The 
liquid  must  be  as  inactive  with  the  metal  powder  as  possible  in  order  to 
avoid  adverse  reactions  with  the  oxide  skin.  While  water  is  the  most 
commonly  used  vehicle,  certain  alchohols  and  other  organic  fluids  have 
been  used. 

Special  rheological  additives  are  used  to  neutralize  those  factors 
which  case  inhomogeneity  in  a  slip.  Deflocculating  agents  are  added  to 
create  repulsive  forces  necessary  to  establish  a  suspension  around  each 
particle  in  the  vehicle.  Elecrolytes  such  as  nitric  acid,  sulfuric  acid, 
and  sodium  and  ammonium  hydroxide  are  used  to  alter  the  ion  concentration 
of  the  slips.  A  desisive  relationship  has  been  demonstrated  |11)  between  the 
ion  concentration  and  the  viscosity  of  the  slip.  The  physical  properties 
of  the  cast  article  are  also  dependent  upon  this  relationship. 

Si  1  icon  Metal  Slip  Casting 

The  density  of  silicon  nitride  is  directly  proportional  to  the  density 
of  the  initial  silicon  metal  compact.  High  green  densities  are  generally 
required  because  engineering  properties  such  as  strength  increase  with  increas¬ 
ing  Si 3N4  density.  Although  the  green  density  of  a  casting  can  be  controlled 
by  both  physical  and  chemical  suspensions,  the  latter  when  properly  formulated 
has  the  inherent  ability  for  producing  higher  green  densities. 

A  chemical  suspension  was  produced  using:  1)  finely  divided  silicon 
metal  2)  0.01-.06  w/o  of  an  alkaline  deflocculant  3)  distilled  water  as  the 
vehicle  and  4)  electrolytes  such  as  nitric  acid  and  ammonium  hydroxide. 

Silicon  Raw  Material  Preparation 

The  as-received  silicon  metal  was  a  nominal  325  mesh  powder  which  was 
too  coarse  fer  establishing  a  chemical  suspension.  The  powder  was  comminuted 
by  dry  milling  in  a  porcelain  mill  with  high  density  alumina  balls.  Table  5.19 
summarize  the  chemistry  of  the  milled  silicon  powder  and  Figure  5.37  illustrates 
its  particle  size  distribution  as  determined  by  x-ray  sedimentation.  Practicality 
precluded  considering  particle  shape  as  a  parameter  because  of  the  expense  and 
difficulty  associated  with  the  manufacture  of  silicon  powders  of  varying  shapes. 
Powder  comminuted  under  the  conditions  described  produced  typical  particle  shapes 
shown  in  the  photomicrograph  of  a  heat  treated  silicon  metal  casting  that  is  dis¬ 
cussed  later  in  this  section  (see  Figure  5.45).  The  characterized  silicon  metal 
powder  will  be  referred  to  as  5.5  micron  powder  (mean  particle  size  by  weight  on 
the  distribution  curve  shown  in  Figure  5.37). 

Plaster  Molds 


The  pottery  plaster  molds  used  in  casting  were  made  with  a  1.33  plaster- 
water  ratio.  Conventional  techniques  were  used  in  the  fabrication  of  these 
molds . 

Early  in  the  investigation,  silicon  metal  slips  were  found  to  wet  the 
sides  of  the  plaster  molds  improperly.  This  resulted  in  two  distinct  problems: 
sharp  corners  of  the  casting  would  not  completely  fill,  and  casting  surfaces 
exhibited  a  rippled  texture.  The  addition  of  wetting  agents  to  the  slip,  and 
the  alteration  of  plaster  formulations  resulted  in  little  success.  These 
problems  were  eliminated  by  coating  the  mold  surfaces  with  an  alginate  skin. 

To  acquire  the  skin,  a  0.5  w/o  solution  of  ammonium  alginate  was  poured  into 
the  mold  and  drained  after  sixty  seconds.  The  coating  was  allowed  to  dry  before 
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CUMULATIVE  MASS  PERCENT  FINER 


TABLE  5.19 


ELEMENT 


Fe 

A1 

Ca 

Zn 

Mg 

Ni 

Ti 

Cu 

Cr 

Mn 

Co 

Si 


Chemical  Analysis 
Ball  Milled  Silicon 


of 

Metal 

WEIGHT  PERCENTAGE 
0.75 
0.33 
0.03 
0.02 
0.02 
0.04 
0.04 
0.01 
0.07 
0.07 
<  0.01 
Balance 


Figure  5.37  Particle  Size  Distribution  of  Ball  Milled  Silicon 
Metal  Powder 
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the  mold  was  used.  After  extracting  the  casting  from  the  mold,  the  adhering 
skin  was  stripped  from  the  casting  or  burned  off  during  firing.  The  coating 
also  left  the  mold  surfaces  clean  by  prohibiting  fine  particle  penetration 
into  the  pores  of  the  mold.  In  addition,  the  casting  rate  could  also  be  con¬ 
trolled  by  varying  the  thickness  of  the  alginate  coating. 

Slip  Stability 

As  discussed  previously,  metal  powders  with  chemically  active  sutfaces  can, 
with  time,  change  their  ionic  properties  and  thus  the  rheological  properties  of 
the  metal  slip.  It  was  found  that  silicon  metal  surfaces  are  very  reactive  with 
the  vehicle-def locculant ,  and  certain  processing  procedures  are  required  to  pro¬ 
duce  a  chemically  stable  slip. 

Substantial  gassing  in  the  slip  was  observed  when  mixing  the  silicon  metal 
powder  with  the  vehicle-def locculant .  The  reaction  was  exothermic  and  the 
expelled  gas  was  hydrogen,  indicating  that  adjustments  in  the  metal  oxide  layer 
were  being  made  through  a  hydrolysis  reaction.  The  chemical  stability  or  insta¬ 
bility  is  best  described  in  terms  of  pH  and  time  as  shown  in  Figure  5.38.  Three 
regions  of  activity  are  defined  in  this  figure.  Gassing  occurs  in  the  first 
region  (I)  and  is  accompanied  by  a  dramatic  drop  in  the  pH  of  the  solution. 
Gassing  is  not  evident  in  the  second  region  (II);  however,  adjustments  in 
the  ionic  concentration  continue  to  occur.  The  third  region  (III)  shows 
that  the  ionic  concentration  has  reached  a  state  of  equilibrium  and  the 
slip  is  chemically  stable.  These  results  show  that  all  silicon  metal 
slips  must  be  properly  aged  before  they  are  used  for  casting. 

Experiments  have  shown  that  chemical  instability  is  also  dependent 
on  the  particle  size  of  the  powder.  For  example,  nominal  325  n.esh  silicon 
powder  was  comminuted  by  ball  milling  to  an  average  particle  size  of  2.5 


MIXING  TIME  (DAYS) 


150 


Figure  5.38 


Chemical  Stability  of  Silicon  Metal  Slip  and 
IVater-Deflocculant  System  at  Constant  pH 


microns  Mixing  the  powder  with  the  water  and  deflocculant  resulted  in 
a  reaction  that  generated  large  quantities  of  hydrogen  and  ea^an  ^on- 
the  fine  metal  powders  to  agglomerate  and  form  hard  pjl  let s  This  demon 
strates  the  necessity  for  controlling  the  powder  particle  size  to  minimize 
the  hydrolysis  reaction  and  its  effect  upon  the  ultra  fine  silicon  particles, 


Property  Measurements 

All  viscosity  measurements  were  made  with  a  RVF-100  Brookfield  Viscometer 
using  a  Number  2  spindle  at  50  rpm. 

A  Seargent-Welch  Model  LS  pH  Meter  with  a  glass  combination  electrode 
was  used  ^measure  the  ion  concentration  (pH)  in  all  slips  The  internal 
element  for  the  glass  electrode  is  a  non-polanzable  cartridge  of  thd ilium 
'IZZ  The  reference  electrode  utilizes  a  similar  internal  element  and 
incorporates  a  porous  platinum  plug  liquid  junction  Mention  should  be  made 
that  very  little  is  known  about  the  true  meaning  and  mechanisms  of  pH  in 
non-aqueous  solutions;  however,  ionic  -once’  ration  measurements  in  a  metal 
slip  made  with  standard  pH  equipment  are  reproducible  and  are  essential  a 
process  control. 

Green  density  measurements  were  determined  on  specimens  that  were  first 
heat  treated  in  an  inert  atmosphere.  The  heat  treatment  imparts  strength 
to  the  green  specimen  without  associated  volume  or  weight  changes  therefore, 
true  green  density  determinations  by  the  standard  ASTM  immersion  density 

procedure  were  possible. 
pH  -  Viscosity  Relationship 

St  Pierre  has  shown  that  the  viscosity  values  of  metal  slips  are  very 

sensitive  to  the  ionic  concentration  surrounding  the  powder  partic.es^  To 
study  this  relationship  a  slip  was  prepared  using  the  foliowing,  75.°0  / 

of  55  micron  silicon  powder,  24.98  w/o  of  distilled  water  and  0  02  w/o  of 
an  alkaline  deflocculant.  After  the  slip  reached  chemical  equilibrium,  the 
pH  was  adjusted  to  various  levels  and  the  viscosity  at  each  of  these  levels 
was  measured.  The  pH  and  viscosity  values  before  adjusting  the  slip  were 
6  0  and  125  centipoises,  respectively.  The  pH  was  lowered  by  using 
additions  of  concentrated  HN03  and  raised  1>y  using  small  additions 
trated  NH40H  solution.  This  test  was  terminated  at  a  pH  value  of  10  because 
higher  pH  values  resulted  in  chemical  instability  (gassing). 

Figure  5.39  summarizes  the  resultant  pH  -  viscosity  relationship.  The 
minimum  viscosity  was  established  for  pH  values  between  6.6  and  8.5;  the 
viscosity  increased  as  the  pH  was  varies  from  this  range. 

Green  and  Nitrided  Densities 

Physical  properties  of  the  green  casting  are  controlled  by  the  pH  - 
viscosity  relationship  just  discussed.  Figure  5.40  gives  the  green  density 
of  specimens  cast  from  various  positions  of  specimens  cast  from  various 
positions  on  the  pH  -  viscosity  curve.  This  figure  shows  that  the  g 
casting  density  was  produced  from  slips  of  minimum  viscosity  and  that  the 
density  decreased  as'the  viscosity  of  the  slip  increased.  In  addition 
specimens  having  equal  density  were  produced  from  equal  viscosity  slips 
of  different  pH  values.  Therefore,  under  these  conditions  the  viscosity 
is  the  critical  parameter  for  controlling  the  green  density. 
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GREEN  DENSITY  (GM  /  CC) 


pH  VALUE 

Figure  5.39  pH  -  Viscosity  Relationship  of  Silicon  Metal  Slip 


5  6  7  8  9  10 

pH  VALUE 

Figure  5.40  Green  Density  and  Corresponding  Sintered  Silicon 

Nitride  Density  of  a  Silicon  Metal  Slip  Cast  at  Various 
pH  Ratios 


SILICON  NITRIDE  DENSITY  (GM  /  CC) 


Also  shown  on  Figure  5.40  are  the  corresponding  densities  for  silicon 
nitride.  These  values  were  calculated  assuming  a  60*  weight  gam  for  con¬ 
verting  silicon  metal  to  silicon  nitride.  These. results  demonstrate  te 
flexibility  inherent  in  a  given  silicon  metal  slip  cast  system,  lhat  1  , 
a  given  slip  cast  system  can  be  chemically  controlled  to  produce  finished 
ware  of  various  densities.  From  a  design  viewpoint,  this  flexibility  is 
extremely  important.  For  example,  hardware  with  a  large  cross  sect lona 
area  require  castings  of  relatively  low  density  so  that  complete  nitridation 
is  assured.  The  lower  density  can  be  obtained  by  increasing  the  viscosity 
of  the  silicon  metal  slip  through  controlled  additions  of  a  suitable  elec¬ 
trolyte. 

The  results  shown  in  Figures  5.39  and  5.40  are  representative  of  only 
the  5.5  micron  silicon  metal  powder  characterized  earlier  in  this  section. 

By  varying  one  or  more  of  the  controlling  parameters  in  a  given  slip  cast 
svstem,  different  results  can  be  obtained.  Through  adjustments  of  the  silicon 
particle  size  and  particle  size  distribution,  slips  can  be  formulated  to 
yield  castings  of  much  higher  green  densities  than  those  indicated  in  Figure 
5.40.  Specimens  with  green  densities  of  1.82  gms/cc  (calculated  nitnded 
density  of  2.91  gms/cc)  were  produced  using  a  minimum  viscosity  (60  centipoise) 
silicon  s'ip  having  a  specific  gravity  of  1.78.  The  mean  particle  size  by 
weight  of  the  silicon  powder  was  5.0  microns  and  the  distribution  about  this 
mean  was  similar  to  that  shown  in  Figure  5.37.  Figure. 5. 41  shows  the  micro¬ 
structure  of  a  heat  treated  specimen  with  a  green  density  of  1.82  gms/cc. 

The  relative  distribution  of  fine  coarse  grains  demonstrates  the  packing 
efficiency  of  the  5.0  micron  slip  cast  system. 


Effects  of  Slip  Dilution 

Investigators  (15)  have  noted  that  the  properties  of  metal  slips  and  their 
resultant  castings  are  dependent  upon  the  ratio  between  the  liquid  phase 
and  solid  phase  (water-metal  ratio). 


A  dilution  technique  was  used  to  determine  this  relationship  for  a 
silicon  metal  slip.  A  5.5  micron  slip  containing  0.02  w/o  of  an  alkaline 
dif locculant  and  having  a  specific  gravity  of  1.78  (water-metal  ratio  of 
0.267)  was  prepared.  Two  additional  specific  gravity  levels  of  1.73  and 
1 [ 68  were  prepared  by  diluting  the  original  slip  with  distilled  water. 
Minimum  viscosities  were  established  by  adjusting  the  pH  of  each  slip 
to  7.3;  consequently,  the  resultant  castings  represented  the  maximum  gr -en 
density  for  each  specific  condition.  The  viscosity  and  the  green  density 
were  determined  for  the  three  slips  and  these  results  are  summarized  in 
Figure  5.42.  This  figure  shows  that  slip  dilution  significantly  reduces 
the  viscosity  of  the  slip;  however,  slip  dilution  has  little  effect  on 
the  final  density  of  the  casting. 


When  casting  small  intricately  shaped  parts,  such  as  turbine  rotor 
blades,  slips  of  high  fluidity  or  low  viscosity  and  slow  casting  rates 
are  necessary  to  completely  fill  all  sections  of  the  mold  cavity.  By 
using  slip  dilution  techniques,  these  requirements  can  be  met  without 
sacrificing  the  green  density  of  the  cast  part.  However,  care  must  be 
exercised  in  that  over-dilution  may  produce  slips  that  are  unable  to 
completely  suspend  all  of  the  metal  particles. 


*The  theoretical  weight  gain 
however,  the  entire  gain  is 


for  converting  Si  metal  to  Si3N4  is  66.67%; 
not  realized  because  of  silicon  metal 


volatilization  during  the  nitriding  process. 
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Figure  5,41  Microstructure  of  a  Heat  Treated  Silicon  Metal  Slip  Cast 
Specimen  Which  Has  a  Density  of  1.82  gm/cm'  (800  x) 
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Figure  5.42 


Effect  of  Slip  Dilution  on  Slip  Viscosity  and  Green 
Density  of  Silicon  Nitride 


X1* 


Figure  5.43  shows  typical  slip  cast  components  manufactured  using 
solid  casting  procedures.  In  particular,  the  turbine  rotor  blade  segment 
was  produced  using  the  dilution  technique  described  earlier.  Figure 
5.44  depicts  typical  drain  cast  articles.  These  figures  show  that  a  wide 
variety  of  different  shaped  components  can  be  fabricated  by  the  respective 
slip  casting  techniques.  This  demonstrated  versatility  is  extremely  im¬ 
portant  in  developmental  programs  where  a  wide  range  of  prototype  components 
are  required. 


The  majority  of  the  components  shown  do  not  represent  as-cast  hardware, 
machining  or  grinding  to  final  dimension  was  necessary. 


Figure  5.44  Typical  Silicon  Nitride  Articles  Formed  by  Ilrain  Casting 
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FRACTURE  STUDIES 


Introduction 


Studies  of  the  fracture  resistance  of  SiC  and  Si3N4  ceramics 
emphasized  the  recognition  of  certain  processing  flaws  as  sites  for 
crack  initiation  and  the  use  of  surface  flaws  of  controlled  size  and 
geometry  to  evaluate  properties  fundamertal  to  an  understanding  of 
the  fracture  process.  The  design  of  test  specimens  used  for  this  work 
was  as  previously  reported  . 

Fracture  of  Silicon  Nitride  and  Silicon  Carbide 

Data  presented  in  the  last  report  on  the  flexural  strength  of 
hot  pressed  Norton  SiC  and  Refel  reaction  sintered  SiC,  with  equivalent  surface 
preparation,  shows  competitive  strengths  over  the  range  from  room  t'mperature 
to  2500°F .  The  scatter  bands  of  this  data  are  portrayed  as  a  single  shaped 
band  in  Figure  5.45.  Also  plotted  is  the  range  of  strengths  obtained  in 
preliminary  studies  at  room  temperature  of  Sialon  type  material  currently 
under  development. 
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Figure  5.45 


Flexural  Strength  Ranges  of  Silicon  Carbide 
Materials  and  Sialon 


Preliminary  fractographi c  investigation  of  Refel  Si(  "dicates 
fracture  initiation  in  these  materials  could  be  traced  to  localized  la  g 
pores  of  the  order  of  several  grains  in  diameter,  at  the  tension  suriact  o 
Jhe  bend  specimens.  This  was  particularly  true  in  specimens  which  supported 
inoTdinatiMv  low  stresses  at  failure.  Pore*  of  t„e  .ume  type  wore  observed 
on  the  fracture  surfaces.  '1110  nature  of  the  porosity  is  as  shown  in 
Figure  5.4b.  Neither  the  extensive  pore  shown  as  (a)  on  the  fracture  face 
nor  (b)  on  a  polished  surface  are  characteristic  of  removal  of  unbonded 
material  by  sample  preparation  or  "pluck-out".  A  surface  flaw  which  could 
have  been  revealed  by  "pluck-out"  and  which  contributed  to  fracture  iniUtat 
is  shown  in  Figure  5.47  as  a  top  view  (a)  of  the  tensile  surface  of  the 


Figure  5.46  Typical  Flaws  at  (a)  The  Fracture  Face  and 

at  (b)  on  the  Polished  Tensile  Surface  Reaction 
Sintered  Silicon  Carbide 


Figure  5.47  Flaw  in  Reaction  Sintered  Silicon  Carbide  From 

"Pluck-Out"  of  Unsintered  Material  b>  Polishing, 
(a)  is  Perpendicular  to  the  Polished  Surface,  (b) 
is  the  Appearance  on  the  Fracture  Face 


bend  specimen  and  (b)  as  it  appears  on  the  fracture  surface.  These  materials 
fractured  by  transgranular  cleavage,  indicting  that  the  bond  integrity  between 
the  silicon  carbide  grain  and  the  silicided  material  is  adequate.  Figure  5.48 
is  a  fracture  surface  in  which  another  crack  has  formed  in  a  typically  trans¬ 
granular  manner. 

A  study  of  the  fracture  process  resulting  from  the  deliberate  introduction 
of  sharp  cracks  of  a  measurable  size  by  both  indentation  and  laser  damage 
techniques  has  been  initiated  in  hot  pressed  Si3N4.  Results  for  room  temperature 
fracture  yield  a  value  of  approximately  15,000  ergs/cm?  for  the  effective  fracture 
surface  energy  of  the  Norton  US- 1 30  material. 


igure  5.48  Transgranular  Crack  on  the  Fracture  Surface  of 
Reaction  Sintered  Silicon  Carbide 
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5.3  NON- DESTRUCTIVE  EVALUATION  OF  MATERIALS 

SUMMARY 

A  very  important  aspect  of  the  development  of  ceramic 
gas  turbine  engines  is  the  need  to  meaningfu  ly  inspect  and  test 
ceramic  components  before  installation  in  the  engine.  The  objectives 
of  the  NDF  work  are  to  identify  and  classify  defects  and  to  gain 
as  much  information  as  possible  on  the  properties  of  the  material 
from  which  the  component  is  manufactured.  Both  property  and  defec 
information  are  being  related  to  performance  of  the  component 
leading  eventually  to  routine  inspection  and  acceptance/rejection 
based  upon  established  actual  performance.  All  available  non¬ 
destructive  means  must  be  used  to  accomplish  this  goal  and  new 
methods  must  constantly  be  evaluated  to  determine  their  usefulness. 

Procedures  utilizing  ultrasonics,  x-ray  radiography,  and  acoustic 
emission  (AF.)  are  currently  being  applied  to  ceramic  systems  for 
evaluation  purposes. 

Ultrasonic  inspection  was  evaluated  for  internal  defect  and 
inclusion  identification  in  hot  pressed  silicon  nitride.  It  was 
found  that  variations  between  transducers  play  a  critical  role  in 
success  or  failure  of  defect  location,  indicating  the  need  for 
careful  selection  and  characterization  of  the  transducers.  Sensitivity 
capability  for  different  transducers  was  established  experimentally 
using  artificially  produced  defects. 

Acoustic  emission  (AE)  techniques  have  been  used  to  de tect  and 
record  cracking  of  due-density  stator  assemblies  during  elevated  temperature 
testing.  Initial  results  established  that  the  cracking  was  time- 
dependent.  This  use  of  AF.  measurement  provides  useful  information 
regarding  relative  stator  quality,  and  may  provide  an  insight  into  the 
cause  of  the  cracking. 

Work  was  continued  comparing  conventional  x-ray  radiography 
and  xeroradiography.  Using  assembled  rotor  blade  rings  containing 
known  flaws,  no  clear  advantage  was  apparent  for  either  process. 

Conventional  radiography  was  found  to  be  useful  for  detecting  higi 
density  inclusions  in  hot  pressed  silicon  nitride,  and  resolution 
limits  were  established  for  several  defects. 

In  defining  the  status  of  non-destructive  evaluation  at  this  point 
of  the  program,  it  can  be  concluded  that  the  basic  tools,  dye  penetrants, 
x-ray  radiography,  ultrasonic  scanning,  and  acoustic  emission  have  been 
identified  and  are  being  applied.  Work  to  define  the  resolution  limits 
of  x-ray  radiography  and  ultrasonic  scanning  as  applied  to  turbine  ceramic 
materials  has  made  considerable  progress,  and  the  major  thrust  of  future 
effort  will  be  to  utilize  these  basic  tools  for  the  inspection  of  ceramic 

turbine  components. 
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5.3.1  ULTRASONIC  NDE 


Introduction 

As  indicated  in  previous  reports,  efforts  are  continually  being 
made  to  correlate  NDE  results  with  other  data  acquired  either  through 
actual  engine  usage  or  by  destructive  analysis.  The  strength  and 
probability  of  failure  analysis,  discussed  in  Section  3.1.1  of  this 
report,  provided  the  opportunity  to  evaluate  dense  silicon  nitride 
spin  disks  with  the  of  establishing  a  relationship  between 
subsurface  flaws  and  disk  burst  speed. 

Subsurface  Flaws  in  Hot  Pressed  Silicon  Nitride 


Silicon  nitride  spin  disks  were  evaluated  for  subsurface  flaws  by 
ultrasonic  and  radiographic  means.  Material  integrity  was  initially 
verified  by  obtaining  the  sonic  velocity  of  the  disks  in  a  perpendicular 
direction  at  various  locations  from  the  inner  to  the  outer  diameter.  An 
average  sonic  velocity  of  10.9  x  105  cm/sec  was  determined.  The  con¬ 
sistency  of  the  data  from  disk  to  disk  implied  a  homogeneous  material 
with  no  apparent  structure  gradient.  All  the  velocity  measurements  were 
made  with  an  Aerotech  5  MHz  alpha  transducer.  The  time  of  flight  of  the 
ultrasonic  signal  within  the  material  was  measured  from  the  maximum  point 
on  the  first  RF  reflection  to  the  ‘.orresponding  point  on  the  next  RF 
reflection  signal.  Some  phase  distortion  was  apparent,  but  in  no  case 
was  phase  reversal  noted.  Sonic  velocity  was  also  measured  at  10  MHz 
and  2.25  MHz  with  identical  results  to  the  5  MHz  data. 

Contact  scanning  for  subsurface  flaws  with  the  same  5  MHz  trans¬ 
ducer  did  not  reveal  any  discontinuities.  This  same  transducer  had  the 
best  resolution  of  any  available  including  three  10  MHz  un'ts,  but  was 
unable  to  detect  subsurface  defects  subsequently  found  by  x-ray  radiography. 
Figure  5.49  reveals  the  high  density  inclusions  found  in  these  disks 
by  x-ray  radiography.  Utilizing  the  radiographic  step-block  standard 
previously  described  (3)  resulted  in  obtaining  optimum  r  diographs  and 
proved  to  be  the  impetus  for  further  evaluation  by  ultr? sonic  methods. 

An  example  of  an  inclusion  type  flaw,  found  after  spin  testing,  is 
shown  in  Figure  5.50.  Its  effect  on  crack  initiation  and  propagation 
are  illustrated  by  the  surface  topography  around  the  flaw.  A  zone  of 
fast  crack  propagation  which  encompasses  the  flaw  is  apparent  with 
much  crack  branching  surrounding  this  region.  The  relative  size  of  the 
flaw  further  supported  the  need  for  additional,  more  sensitive,  ultra¬ 
sonic  evaluation. 

A  new  transducer  was  procured  and  the  remaining  spin  disks  were 
again  scanned  for  subsurface  defects.  The  radiographs  now  served  to 
locate  the  defects  and  ultrasonic  correlations  were  obtained.  Additional 
subsurface  defects  were  noted  during  this  ultrasonic  evaluation  which 
were  not  apparent  on  the  radiographs.  These  indications  are  evidently 
too  small  to  be  resolved  on  film,  or  are  lower  in  density  than  the 
parent  material  and  therefore  difficult  to  detect  by  radiographic  film 
imaging  techniques. 

This  new  transducer  was  rated  a  10  MHz,  but  subsequent  analysis  of 
its  frequency  spectrum  revealed  its  maximum  power  occurred  at  8MHz.  This 
unit  also  had  greater  sound  beam  spread  due  to  a  smaller  element  diameter. 
This  may  have  been  the  reason  for  the  apparently  enhanced  flaw  detection 
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Radiograph  of  High  Density  Inclusions  in  Hot  Pressed 
Silicon  Nitride 


Figure  5.49 


Inclusion  Type  Flaw  Observed  in  Dense  Silicon  Nitride 
Spin  Disk  After  Testing 


Figure  5.50 


since  the  flaw  orientation  and  morphology  is  somewhat  compensated  for  by 
the  greater  divergence  of  the  ultrasonic  beam  In  any  event,  the  importance 
of  transducer  characterization  was  pointed  out.  Knowledge  of  operating 
parameters  such  as  frequency  and  sound  beam  orthogonality  with  the  trans¬ 
ducer  face  must  be  established  and  will  dictate  the  limits  of  practical 
flaw  detection  in  these  materials. 

The  theoretical  limitations  governing  the  smallest  discontinuity 
detected  in  this  material,  using  conventional  ultrasonic  equipment  at 
frequencies  up  to  15  MHz,  necessitate  increasing  the  signal-to-noise  ratio 
in  order  to  approach  sensitivity  levels  necessary  for  material/component 
evaluation.  Typical  ultrasonic  signals  from  subsurface  flaws  are  shown 
in  Figure  5.51,  where  the  need  for  increased  signal-to-noise  ratio  is 
visually  apparent.  The  program  presently  being  conducted  at  the  University 
of  Michigan  (4)  exhibits  this  potential.  Additional  instrumentation  has  been 
received  for  this  program  which  will  expand  present  capabilities  and  allow 
for  direct  demonstration  of  signal  enhancement  in  ceramic  materials. 

On  the  stationary  turbine  project,  two  methods  of  ultrasonic  inspection 
have  been  investigated,  manual  immersion  A-scan  and  automated  C-scans. 

The  C-scan  equipment  consists  of  an  Automation  Industries  Style  57A2790 
10  MHz  focused  tranducer,  a  Budd  725  Immerscope,  and  a  Budd  SR-15^'  Ultrasonic 
Recording  System. 


A  hot  pressed  Si3N4  block  with  cavitated  holes  and  2  laser  drilled  holes 
(Figure  5.64)  was  used  to  evaluate  the  resolution  quality  and  detection  limits 
of  the  ultrasonic  system  used  with  automated  C-scanning.  This  block  was 
immersed  in  water  and  the  water  path  was  determined  by  obtaining  the  maximum 
signal  from  the  front  surface.  After  determining  and  setting  the  optimal 
sensitivity  of  the  system,  water  path  and  signal  strength  (DB)  were  varied. 

The  results  are  summarized  in  Figure  5.52  with  the  beam  parallel  co  the  axes 
of  the  holes  and,  in  Figure  5.53,  with  the  beam  perpendicular  to  the  axes. 

Water  path  was  varied  from  0.25  to  2.0  inches  with  an  amplitude  range  of  4  to 
8  DB.  The  images  are  not  sharp  and  only  in  Figure  5.52  is  there  any  indication 
of  good  resolution  of  the  two  deepest  holes.  There  is  no  indication  of  the 
laser  holes  in  any  of  the  scanning  records  shown  in  Figures  5.52  and  5.53. 
However,  C-scanning  does  provide  a  fast,  automated,  permanent  display  of  sound 
intensity  variation  over  the  area  scanned.  The  input  data  arrive  as  intensity- 
real  time  information.  Thus,  the  C-scan  is  basically  a  display  of  individual 
A-scans  where  resolution  is  lost  during  the  translation  process. 

A-scan  results  on  the  standard  block  (Figure  5.64)  ere  shown  in  Figures 
5.54  and  5.55.  Figure  5.54  shows  the  block  and  two  typical  scans.  The  major 
objective  was  to  define  the  resolution  of  the  small  laser  holes  (1  and  2, 

Figure  5.54).  The  large  ring  holes,  A  to  D,  are  used  for  illustrative  purpose, 
only.  The  sound  beam  was  directed  at  the  side  wall  of  the  block  s<  that  the 
beam  was  perpendicular  to  the  axes  of  the  holes.  The  tracings  of  the  scanning 
results,  shown  in  Figure  5.54,  illustrate  how  a  defect  is  detected  and  also 
show  that  the  location  of  the  defect  can  be  found  accurately  by  simple 
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Figure  5.52 


C-Scai  of  Standard  Block,  Parallel  to  the  Axis  of  the  Holes 

(a)  4  DB  2.00  in  -  W.P. 

(b)  4  DB  0.25  in  -  W.P. 

(c)  8  DB  2.00  in  -  W.P. 
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calibration  F  and  B  indicate  the  reflections  from  the  front  and  hack 
surfaces  respecti  /ely .  The  thickness  of  the  block  provides  the  necessary 
calibration.  The  reflections  marked  1 ,  2,  and  D  are  from  the  respectiie 
holes.  A1!  other  non-marked  reflections  ax’e  spurious  signals. 


Figure  5.53  C-Scan  of  Standard  Block  Perpendicular  to  the  Axes  of 
the  Holes 

(a)  4  DB  2.00  in  -  W.P. 

(b)  4  DB  0.25  in  -  W.P. 

(c)  8  DB  0.25  in  -  W.P. 

(d)  8  DB  1.38  in  -  W.P. 


Figure  5.54 


Standard  Block  with  Four  Ring  Holes  and  Two  Laser  Holes 
(Arrows  Indicate  the  Direction  of  the  Sound  Beam  - 
F  =  Front  Surface,  B  =  Back  Surface) 


Figure  5.55  A-Scan  Images  from  Standard  Block  (Fig.  5.-4)  (Left-Laser 
Hole-1,  Right  Laser  Hole-2) 

(a)  Automation  Industries  Transducer  - 

10  MHz  -  0.5  in 

(b)  Automation  Industries  Transducer  - 

10  MHz  -  3.35  in 

(c)  Branson  Transducer  -  10  MHz  -  0.5  in 

(d)  Branson  Transducer  -  10  MHz  -  3.35  in 


The  effects  of  water  path  and  tyre  of  transducer  on  the  resolution 
limits  are  shown  in  Figare  5.55.  The  left  side  illustrates  reflections 
from  loser  hole  1,  while  the  right  side  shows  reflections  from  laser 
hole  2  and  ring  hole  D  (Figure  5.54).  The  Branson  focused  transducer 
has  a  higher  resolution  capability  compared  to  the  Automation  Industries 
transducer  Comparing  the  peak  amplitude  of  laser  hole  1  to  laser  ho  e 
2  which  ^e  located,  respectively,  at  1.3  inches  and  0  60  inches  below  the 
surface  gives  an  estimate  of  the  resolution  limit  of  the  two  transducers 
operating  at  10  MHz.  This  is  summarized  in  Table  5.20.  However,  the  low 
operating  frequency  increases  the  lower  limit  of  the  thickness  of  S3  4 
material  that  can  be  examined.  This  is  indicated  by  the  width  o  * 
flection  from  the  front  surface  (Figure  5.55).  Thus,  for  a  sound  beam 
directed  normal  to  the  surface,  minimum  material  thickness  is  about  5  pm 
with  the  Automation  Industries  transducer.  For  the  Branson  transducer 
the  limit  is  higher.  This  limitation  can  be  overcome  by  increasing  the 
driving  frequency  or  by  directing  the  sound  beam  at  an  angle,  the^e  ? 
ncreasing  the  effective  lengths  of  the  sound  path  through  the  materia  . 

A  BN  inclusion  in  a  150  pm  long  cavity  was  detected  in  a  0.85  x  1.75  x 
3  9  inch  piece  of  hot  pressed  Si3N4  by  directing  the  sound  beam  trom  the 
two  short  directions,  as  shown  in  Figure  5.56  using  the  Automation  Industries 
transducer  and  a  0.47  inch  water  path.  Table  5.20  indicates  that,  at  a 
depth  of  0.80  inch,  the  cavity  dimensions  approach  the  resolution  limit 
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of  140  ym.  Note  also  the  decrease  in  signal  amplitude  as  the  depth  of  the 
defect  changes  from  0.62  to  0.80  inches.  This  is  consistent  with  the  results 
shown  in  Figure  5.55  for  the  same  transducer  and  water  path  setting. 

Finally,  it  is  significant  to  note  that  high  density  inclusions  were 
never  detected  by  ultrasonic  techniques.  Apparently,  reactions  between  Fe, 

W,  and  the  S^Ny  matrix  provide  a  low  acoustic  impedence  particle-matrix 
interface  so  that  the  defect  does  not  constitute  a  discontinuity  for  the 
sound  waves . 


TABLE  5.20 

Detection  Limits,  Cavity-Type  Defects,  A-Scan,  10  NUz  Frequency 
(for  material  thicki ess  up  to  30  mm) 


Transducer 

Focal 
Length  mm 

Water  Path 

mm 

Min .  Mat . 
Thickness,  mm 

Resolution 

Limit 

Automation  Ind. 

60 

12 

5 

•v  0.007 

Type  57A2790 

60 

85 

10 

-v  0.005 

Branson,  Focused 

200 

12 

15 

<  0.005 

Type  Z1031 

200 

85 

18 

«  0.005 

*  16mm1*  a 

Surface  Defect 


*  20mm  *  b 

Surface  Defect 


Figure  5.56 


A-Scan  Images  from  Mutually  Perpendicular  Surfaces  - 
BN  Inclusion  in  a  SijN4  Block 
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5.3.2  ACOUSTIC  EMISSION 
Introduction 

A  prc gram  was  initiated  to  monitor  the  acoustic  emission  (AE)  response 
f  t  tor  assemblies  during  extended  exposure  to  elevated  temperatures. 

?hi  fesung  wls  n  ended  to  augment  the  qualification  tests  conducted 

”  tig-fetation 

in  a  furnace  while  monitoring  the  acoustic  emission  response  dur  g 
heat-up,  soaking  at  1900  F,  and  cool-down. 

Stater  Testing 

A  schematic  diagram  of  the  stator  testing  system  is  shown  in  Figure 
5  57  Stator  assemblies  are  placed  in  an  electric  air-atmosphere  furnace 
at  room  temperature,  with  subsequent  heating  and  cooling  at 
rates.  A  bar  of  slip  cast  silicon  nitride,  mounted  in  a  positioning 
fixture  contacts  the  stator  assembly  on  its  out  r  shroud.  This  bar  serves 

as  a  waveguide  to  transmit  elastic  stress  waves  fAE\em?>tted,  by.  thef^^°r 
assembly  to  a  sensor  bonded  to  the  opposite  end  of  the  bar  which  ext en 
from  the  furnace.  Slight  spring  pressure  on  the  waveguide  is  maintain 
to  insure  a  firm  joint  at  the  waveguide/stator  interface.  To  further  reduce 

extraneous  noise,  the  stator  is  placed  on  a  billet  of ^u^afe Xpansi on 
nitride  therefore  eliminating  relative  movement  due  to  thermal  expansion 
differences  as  the  furnace  heats  and  cools.  External  cooling  air  prov 
for  the  AE  sensor  to  prevent  damage  from  overheating. 


ACOUSTIC  EMISSION 
SENSOR 


Figure  5.57 


Acoustic  Emission  Stator  Testing  System 
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Acoustic  emission  activity  was  detected  with  a  differential  transducer 
having  a  fundamental  frequency  of  140  kHz.  An  amplifier  bandwidth  of  100- 
300  kHz  provided  the  necessary  filtering  for  the  transducer  with  90  db 
amplification  of  the  AE  events.  Figure  5.58  indicates  the  AF  response  of 
a  second  stage  stator  vs  time  at  1900  F.  This  curve  is  the  summation  of 
all  detected  AF  events.  The  magnitude  of  these  events  exceeded  the  scale 
settings  of  the  instrument  several  times,  resulting  in  this  sawtooth  data 
presentation.  Figure  5.59  is  the  same  AE  information  processed  in  a  different 
manner.  A  Dunegan  Model  905  Digital  Envelope  Processor  (DEP)  intercepts  the 
AE  signals  and  converts  the  AE  detected  within  a  selected  time  interval  into 
single  pulse,  then  sends  the  information  to  a  separate  totalizer  for  accumu¬ 
lation.  This  results  in  an  AE  curve  which  displays  a  pronounced  sensitivity 
to  the  rate  of  detected  events. 


This  rate  dependence  is  further  indicated  in  Figure  5.60.  The  data  in 
this  figure,  while  very  generalized,  does  indicate  several  areas  of  interest. 
The  multiple  reset  region,  occurring  between  60  and  80  hours,  coincides  with 
the  increase  noted  on  the  DEP  curve  in  Figure  5.59.  This  AE  was  of  lower 
magnitude  than  that  detected  during  the  entire  time  at  temperature  and  would 
indicate  either  crack  branching  or  microcracking  with  low  associated  energy. 

It  is  interesting  to  note,  however,  that  after  this  abundance  of  de¬ 
tected  AE  the  magnitude  of  emission  increases  significantly  while  the  time 
interval  between  bursts  diminishes  (Figure  5.60).  The  increase  in  AF  magni¬ 
tude  implies  an  increase  in  energy  as  would  be  th  case  for  an  increase  in 
total  crack  area.  The  diminishing  time  between  AE  burst  also  supports  the 
contention  of  a  decrease  in  structiral  integrity  as  the  stress  necessaiy  foi 
crack  extension  is  obtained  more  rapidly.  IVhile  the  low  level  AE  could  be 
the  coalescence  of  microcracks  resulting  in  major  crack  formation  and/or 
extension,  much  more  testing  is  needed  to  establish  the  validity  of  such 
a  hypothesis. 


ISTlC  EMISSION  : COUNTS! 
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Figure  5.59  Stator  Acoustic  Emission  Response  vs  Time 
at  1900°F ,  "Burst"  Data 
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Figure  5.60  Stator  icoustic  Emission  Response  vs  Time 
at  Time  at  1900°F,  Rate  Data 


Upon  completion  of  the  test,  the  stator  assembly  was  inspected  for 
damage.  Cracks  in  the  outer  shroud  were  visually  apparent,  however,  not 
catastrophic.  The  use  of  30x  magnification  also  revealed  other  small  crack? 


catastrophic.  T 
in  the  assembly. 


This  method  of  evaluating  stator  assemblies  appears  to  provide  useful 
in format i 01.  about  stator  quality.  More  stator  assemblies  will  be  so  tested 
in  this  manner  so  that  a  more  definitive  quality  correlation  can  be  establi 
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5.3.3  X-RAY  RADIOGRAPHY 


Introduction 

The  duo-density  blades  and  platform  are  made  as  one  piece  by  injection 
molding  and  at  times  subsurface  flaws  have  been  exposed  during  machining  of 
the  platform  for  assembly  purposes.  In  order  to  eliminate  these  flawed 
components,  work  was  performed  in  evaluating  the  ability  of  radiographic 
techniques  for  detecting  these  defects. 

X-ray  radiography  has  been  used  successfully  to  identify  high  density 
inclusions  in  hot  pressed  material  billets  and  component  hardware.  However, 
this  work  was  done  with  no  quantitative  knowledge  of  the  resolution  limits 
involved.  Attempts  have  been  made  to  define  the  resolution  limits  for  both 
high  and  low  density  inclusions  as  well  as  voids. 

Rotor  Evaluation 

Conventional  x-ray  radiography  and  the  xeroradiographic  processes  (4)  were 
compared  for  their  usefulness  at  detecting  subsurface  flaws  in  as-molded 
rotor  blade  rings.  The  types  of  flaws  encountered  were  found  by  excessive 
shrinkage  during  cooling  subsequent  to  molding,  laps  and  folds,  impurities, 
and  silicon  metal/organic  segregation. 

Figures  5.61  and  5.62  indicate  the  potential  of  the  respective  processes. 
The  flaws  caused  by  shrinkage  and  laps  or  folds  were  readily  detected  by  both 
techniques;  however,  the  impurity  and  silicon  metal/organic  segregation  type 
flaws  were  not.  Figure  5.63  indicates  an  example  of  a  shrink  flaw  found  in 
an  injection  molded  blade  ring.  The  orientation  of  the  void  was  an  important 
factor  since  the  indications  detected  by  both  methods  were  not  continuous, 
although  sectioning  revealed  a  continuous,  circumferential,  shrink  type  of 
flaw.  This  implies  that  an  optimum  radiographic  evaluation  will  necessitate 
establishing  parameters  in  terms  of  several  variables.  Specifically,  the 
process  will  be  extremely  dependent  on  the  component  material,  the  thickness 
of  the  section  to  be  evaluated,  and  the  geometry  of  the  part  with  respect  to 


r 


Figure  5.61  X-Ray  Radiographic  Reversal  Print  of  Injection  Molded 
Blade  Ring  and  Platform 
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incident  radiation.  Perhaps  the  most  important  variable  is  the  orientation 
of  the  flaw.  Either  the  most  probable  flaw  orientation  must  be  established 
or  the  limiting  conditions  for  its  detection  by  a  given  technique  must  be 
determined  in  order  to  effectively  evaluate  a  component  for  suspected  flaws 


Figure  5.62  Xeroradiograph  of  Injection  Molded  Blade  Ring  and 
Platform 


Typical  Shrink  Type  Flaws  Associated  with  Injection 
Molding  a  Blade  Ring  and  Platform 


Figure  5.63 


High  Density  Inclusions 


On  the  stationary  turbine  program  to  identify  high  density  inclusions 
in  hot  pressed  S^Ni,,  a  large  number  of  radiographs  were  taken  with  many 
different  thicknesses  of  material.  Initially,  Kodak  paper  x-ray  exposure 


holders  and  Kodak  Type  M  films  were  used.  Since  the  objective  was  the 
detection  of  high  density  particles  approaching  100  ym  in  size,  it  was 
essential  to  eliminate  white  artifacts  caused  by  dust,  etc.  Therefore,  a 
change  was  made  to  Kodak  Type  M-8  lead-pack  film,  before  exposure,  a 
needle  was  inserted  through  the  paper  cover  and  the  inside  was  evacuated. 
This  resulted  in  a  closer  and  more  uniform  specimen-to-film  relationship. 
Table  5.21  summarizes  the  optimal  exposure  conditions  for  various  thick¬ 
nesses  of  silicon  nitride. 

TABLE  5.21 


X-Ray  Exposure  Parameters  For  Hot-Pressed  Si3N4 


Material 

Thickness 

mm 

Exposure 

Time 

Minutes 

Current 

mA 

Voltage 

KV 

Source 

To  Film 
Distance 

Film 

Remarks 

3 

3.0 

10 

40 

60 

M 

6 

6.0 

10 

40 

60 

M 

12 

5.0 

10 

60 

60 

M 

14 

6.0 

10 

60 

60 

M 

16 

7.0 

10 

60 

60 

M 

27 

2.5 

10 

100 

60 

M 

30 

3.5 

10 

100 

60 

M 

1.5-3 

3.0 

10 

40 

60 

ML* 

Vacuum 

3-10 

5.0 

10 

60 

60 

ML 

Vacuum 

12-23 

4.0 

10 

70 

60 

ML 

Vacuum 

12-26 

4.0 

10 

84 

60 

ML 

Vacuum 

16-27 

5.0 

10 

70 

60 

ML 

Vacuum 

16-24 

5.0 

10 

84 

60 

ML 

Vacuum 

*Kodak  type  M-8  lead-pack  film. 


A  few  controlled  exposures  were  made  to  determine  the  sensitivity  and 
limit  of  resolution  of  the  x-ray  inspection.  Figure  5.64  shows  prints  of 
the  x-ray  radiographs  of  a  Si3N4  billet  containing  6  machined  holes.  The 
ring  holes  marked  A-D  were  ultrasonically  cavitated  with  a  thin-wall  steel 
tube.  The  rings  are  visible  in  all  orientations.  The  holes  marked  1  and  2 
were” drilled  with  a  focused  laser  gun.  Hole  1  is  about  200  ym  diameter  and 
4  mm  deep,  hole  2  is  about  150  yin  diameter  and  5  mm  deep.  Both  holes  (large 
arrows)  are  detectable*  in  orientation  a,  but  not  in  orientation  b.  The 
ratios  of  defect  "size"  to  material  thickress  are  17%  in  orientation  a  and 

*Note  additional  white  artifacts.  This  i;  a  drawback  of  printed  radiographs. 
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Figure  5.64  Radiograph  of  a  Standard  SijN4  Block 

(a-d)  Ring  Holes  -  Ultrasonically  Cavitated 
(1-2)  Laser  Holes 


0.5%  in  orientation  b.  Other  experiments  with  varying  size  holes  show  that 
^he  resolution  limit  of  a  hole  in  Si3N4  is  about  3%;  that  is,  a  cavity  type 
defect  smaller  than  3%  of  material  thickness  is  not  detectable.  It  is  self- 
evident  that  the  resolution  limit  for  a  cavity  containing  low  density  Si3N4 
will  be  higher  than  3%. 

A  boron  nitride  inclusion,  identified  by  ultrasonic  scanning,  could 
not  be  confirmed  by  x-ray  radiograph  of  the  origin  billets.  The  material 
around  the  inclusion  was  cut  to  successively  thinner  sections,  and  radio¬ 
graphed  after  each  reduction.  The  150  ym  defect  was  identified  at  a  section 
thickness  of  0.157  inches.  Thus,  the  resolution  limit  for  a  BN  inclusion 
is  of  the  order  of  4%. 

The  resolution  limit  is  related  to  the  ratio  of  half  value  layers  of 
Si3N4  and  the  particular  defect.  A  half  value  layer  (18)  is  defined  as 
the  thickness  of  the  defect  through  which  the  attenuated  radiation  will 
produce  the  same  density  on  film  as  that  produced  by  the  unattenuated 
beam  with  half  the  exposure.  Half  value  is  given  by  the  expression: 

2.n2 


where  y1  it  the  absorption  coefficient  and  t  is  the  thickness.  Half  value 
layers  for  different  defects  found  in  Si3N4  are  listed  in  Table  5.22  for 
two  conditions  of  radiation.  The  half-value  layer  was  calculated  using 
appropriate  absorption  coefficients  for  the  elements,  and  computed  values 
for  the  compounds.  The  resolution  limits  for  the  various  defects  in  Si3N4 
are  also  tabulated. 

The  resolution  limit  for  high  density  particles  were  established  by 
crushing  WC  and  sprinkling  the  powder  on  a  ground  surface  of  a  piece  of 
Si3N4,  0.120  inches  thick.  The  surface  was  mapped  and  the  size  of  each 
particle  noted.  The  piece  was  then  radiographed  (Figure  5.65).  Thickness 
was  built  up  by  adding  flat-ground  pieces  of  Si3N4  similar  to  the  one  with  the 
WC  particles  on  top.  All  particles  remained  visible  at  a  total  thickness  of 
1.10  inches.  However,  at  1.30  inches,  a  particle  M2E  ym  became  obscure. 


174 


Somewhat  larger  particles  disappeared  at  1.50  inches.  All  other  particles 
were  visible  to  2.05  inches  which  was  the  maximum  thickness  radiographed. 
These  data  established  the  resolution  limit  for  WC  at  about  0.5%.  Similar 
tests  were  used  to  define  resolution  limit  for  steel  particles  at  ab  >ut 
0.7%. 


TABLE  5.22 

Half-Value  Layer  in  mm  For  Various  Defects  In  Si3N4 

Resolution  Limit 


Defect 

Si  3N4 
BN  Filled 
Cavity 

Cavity,  Hole, 
Crack 

Steel  Particle 
WC  Particle 


0.04  MeV  0.08  MeV 


Resolution  Lim: 
1  defect/  Si 4N4 


7.5 

35 

103 

0.24 

0.045 


22 

46 

104 

2.1 

0.049 


0.04 

0.03 

0.007 

0.005 


II  .10  T  '6  . 

■  O'**  *5 


♦l  . 


Figure  5.65 


Radiography  of  Standard  for  WC  Particles 

(a)  0.125  in  thick,  40  KV,  10  mA, 

(b)  1.100  in  thick,  74  KV,  10  mA, 

(c)  1.300  in  thick,  100  KV,  10  mA, 


3  min 
5  min 
6  min 
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ABSTRACT 

The  "Brittle  Materials  Design,  High  Temperature  Gas  Turbine"  program  is  to 
demonstrate  successful  use  of  brittle  materials  in  demanding  high  temperature 
structural  applications.  A  small  vehicular  gas  turbine  and  a  large  stationary 
gas  turbine,  each  utilizing  unccoled  ceramic  components,  will  be  used  in  this 
iterative  design  and  materials  development  program.  Both  the  contractor,  Ford 
Motor  Company,  and  the  subcontractor,  Westinghouse  Electric  Corporation,  have 
had  in-house  research  programs  in  this  area  prior  to  this  contract. 

In  the  vehicular  turbine  project,  Weihull  theory  was  utilized  to  predict 
failure  probabilities  of  monolithic  hot  pressed  silicon  nitride  turbine  rotors, 
including -the  effects  of  varying  disk  contours.  Good  agreement  with  theory 
resulted  from  strength  testing  of  silicon  nitride  bars  and  disks.  Processing 
parameters  were  established  for  the  fabrication  of  multi-density  rotors,  and 
a  number  of  protetype  rotors  were  spin  tested.  Thermal  response  of  stator 
vanes  during  engine  operation  was  determined  directly  using  a  quartz  window 
in  a  stator  test  rig.  Improvements  in  properties  were  made  for  both  injection 
molded  and  slip  cast  reaction  sintered  silicon  nitride. 

In  the  stationary  turbine  project,  a  major  ohjective  was  achieved  when 
the  first  static  rig  test  of  hot  pressed  silicon  nitride  stator  vanes  was 
completed  at  temperatures  up  to  2200  F.  Although  some  vanes  failed  due  to 
out-of-tolerance  final  machining  of  critical  interfaces,  it  was  encouraging 
that  two  vanes  which  were  subjected  to  the  highest  temperatures  and  most 
severe  transient  effects  were  not  damaged.  Additional  information  was  also 
generated  on  the  properties  and  corrosion  resistance  of  hot  pressed  silicon 
nitride . 
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